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A b s tra c t .
The aim of th is  p ro je c t i s  to  in v e s tig a te  the  many effects"* an 
oxygen ion beam has on a S.A.W reso n ato r, re a liz e d  by aluminium th in  
film  deposition  onto a ST-cut quartz su b s tra te .
This then e s ta b lish e s  a g rea te r  understanding of the processes
involved in  trimming a S.A.W device using an ion beam.
The e f fe c t  of molecular oxygen implanted in to  aluminium film s
evaporated onto ST-quartz su b s tra te s  a t  various energ ies and doses,
have been in v estig a ted  and the  r e s u l ts  summarised.
Amorphisation of the  c ry s ta l l in e  quartz fo r 0^ doses <10*^ 
atoms cm has been observed , with the  v e r t ic a l  sw elling , 'e * , 
described by the l in e a r  expression,
e = 0.114 (R +2AR )
r  r
1 f\ oAt higher doses, >10 oxygen atoms cm , the sp u tte r in g  y ie ld  of
-1fused quartz  was measured to  be 0 .05-0.13 molecules ion m  the 
molecular oxygen ion energy range of 50-150keV.
At high oxygen doses, oxide form ation was achieved in  the 
evaporated aluminium film s. The oxide formed was observed to  c o n s is t  
o f m etal/m etal oxide is lan d s  w ith the oxide bond s ta te  being Al^+. 
Unlike amorphous anodic oxide film s, the  oxide formed was 
p o ly c ry s ta llin e  in nature.
Oxygen implant p ro f i le s  in  the aluminium film  appear to  agree 
with theory a t  low doses. The oxygen con ten t of the lay e r i s  d i r e c t ly  
p roportional to  dose u n ti l  the peak value of the oxygen/aluminium r a t io  
reaches 1 .5 . At higher doses th is  maximum ra t io  was unaffected  but the 
p ro f i le  was observed to  broaden. The peak oxygen/aluminium r a t io  fo r 
implanted samples compared w ell with anodized aluminium bulk specimens
having oxide lay e rs  up to  '250nm. A good c o rre la tio n  was a lso  obtained 
between v e r t ic a l  surface expansion of the aluminium film  and 
th e o re tic a l oxide growth.
S tre ss  e f fe c ts  associated  with th is  oxide form ation was 
in v estig a ted  using a ’ t r ip l e  bulk quartz resonator techn ique’ .
Prelim inary experiments w ith th is  ’ t r i p l e  resonato r tech n iq u e’ 
gave sim ultaneous sp u tte r  and s tr e s s  re s u l ts  fo r 50keV and 100keV Ar+ 
ions implanted in to  gold and germanium film s . A s t r e s s  a sso c ia ted  
with the growing aluminium oxide with in c id en t 02+ ions im planted in to  
aluminium film s a t  oxygen ion energ ies of 50, 100,and 150keV was
observed. The s tr e s s  was found to  be compressive being dependent upon 
the number o f oxygen ions implanted and the to ta l  depth of th e  oxygen 
im plant.
B lis te r in g  of aluminium on quartz film s was observed when the
peak im plant p ro f i le  was close to  the aluminium-quartz in te rfa c e  fo r 
17 -2oxygen doses >10 1 atoms cm . This b l is te r in g  was due to  accum ulation 
of oxygen a t  the aluminium-quartz in te rfa c e .
With these r e s u l ts  i t  i s  then p o ssib le  to  exp lain  the  change in 
the resonant frequency o f a S.A.W resonator a f te r  im planting w ith  50keV 
02+ ions.
A dditional work (presented in  Appendix 1) d ea ls  w ith the  
in v es tig a tio n  of the mass loading and l a t e r a l  s t r e s s  caused by argon 
im plantation of aluminium, and the angular v a r ia tio n  of the sp u tte r in g  
y ie ld  (S0) o f gold and germanium, with the same ion sp ec ies . Both 
r e s u l ts  were obtained using the ' t r i p l e  resonator techn ique’ .
This th e s is  i s  dedicated  to  my paren ts, 
Bedros and A strig  Chorekdjian, 
and my b ro th e rs  and s is t e r s .
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SURFACE ACOUSTIC WAVE RESONATOR FILTERS
High Frequency Filters 
Low Loss
Good stop-band performance
Narrow-bandwidth filters 
Temperature coefficient
—  50 M H z-800 MHz
—  A few  dB, d e p e n d s  on b andw id th  (see  Fig. 3).
—  Typically - 5 0  dB fo r a tw o-coup led  re so n a to r  filter. M ay be  
im proved  by cascad ing  fu rth e r devices.
—  0 .01% -0 .10%
—  P arabo lic  [a ,/f=  31 .25X 10-9 (T -T o)2] w h ere  To is d e te rm in ed  by 
th e  cu t o f th e  crystal.
Until very recently V.H.F. and U.H.F. filters have had 
very broad bandwidths. However, recent advances in 
surface acoustic wave (SAW) technology have m ade it
possible, for the first time, to produce compact, low- 
loss, narrow band V.H.F. and U.H.F. filters. These are 
made using SAW resonators coupled together to form 
different types of filters.
P la te  1 : Three reso n ato rs  l in e s  a re  shown above, although
only two are  coupled together to  form a narrow 
band f i l t e r .  The do tted  l in e s  in d ic a te  the  s iz e  
of a f i l t e r  a t  160MHz.
In tro d u c tio n .
Surface Acoustic Wave (S.A.W)[1] devices (see p la te  1) a re  
playing an in creasin g ly  im portant ro le  in the f ie ld s  of radar and 
telecommunications.
E le c tr ic a l s ig n a ls  can be converted in to  acoustic  waves th a t  
propagate along the surface  o f a so lid  su b s tra te  and these waves may be 
trapped and co n tro lled  along the  path of propagation. Such p ro p e rtie s  
are  u sefu l fo r the  r e a l is a t io n  of delay l in e s ,  resonato rs, f i l t e r s  e tc .
The ta b le  below summarises the p rin c ip a l advantages and 
disadvantages of S.A.W devices.
Advantages.
(1)High fundamental operating  frequency and wide 
range(30-3000MHz).
(2 )P o te n tia lly  inexpensive.
(3 )Small s iz e , robust and post-tu n in g .
(4)Compatable w ith I.C .technology .
Disadvantages.
(D E x c ita tio n  of bulk waves and conversion of 
surface waves in to  bulk waves l im its  Q to  
2 ,000-20,000.
(2 )Expensive E-beam lithography  necessary a t 
f>1000MHzs.
(3)Weak th ird  harmonic response.
The S.A.W resonato r[2 ] i s  a high Q device and i s  su scep tib le  to  
manufactural varia tio n s ,th o u g h  the  a b i l i ty  to  operate a t  frequencies  
f a r  higher than i s  p rac tic a b le  w ith bulk wave resonators outweighs th is  
disadvantage.
Unlike S.A.W reso n a to rs , volume wave devices achieve e f f i c i e n t  
re f le c t io n  between the su rfaces o f quartz p la te s  */2 th ic k , where A i s  
the acoustic  wavelength. A p ra c t ic a l  upper l im it  fo r fundamental
o peration  of a bulk wave device i s  50MHz,where a p la te  th ickness of 
0.5mm makes the device f ra g i le  and d i f f i c u l t  to  mount.
Surface wave resonato rs are not burdened with th is  disadvantage 
where an upper fundamental frequency, s e t  by photolithography 
l im ita tio n s , o f  2GHz i s  p o ssib le .F ig u re  1 shows the ty p ica l opera tional 
range fo r volume and surface wave reso n ato rs.
As mentioned e a r lie r ,o n e  of the advantages of a S.A.W device is  
i t s  p o te n tia l cheapness. An im portant c r i te r io n  governing the 
m anufacturing co s t of any device is  the percentage th a t  meet the
requ ired  sp e c if ic a tio n  a t  the end of the production process. Id ea lly
the  fa b r ic a tio n  process would be p rec ise  enough to  ensure an acceptably 
high pass r a te ,  un fo rtunate ly  th is  may not always be ea s ily  achieved.
The m ajority  of S.A.W devices are  constructed  on a p ie z o e le c tr ic  
su b s tra te  ( c ry s ta l l in e  ST-quartz in  our case) using th in  film  
d ep o sitio n  to  r e a l is e  the transducers and d is tr ib u te d  r e f le c to r  banks. 
S u b stra te  inhom ogeneities and u n c e r ta in tie s  in  the th in  film  s tru c tu re s  
may r e s u l t  in  a low y ie ld  of devices w ithin  sp e c ific a tio n . S e lec tiv e
d eposition  or etching i s  a widely used technique capable of trimming
the  performance of a device but su ffe rs  from u n c e r ta in tie s  inheren t 
during the  i n i t i a l  device fa b r ic a tio n .
High energy in c id en t ions may be used to  advantage in  the 
trimming of S.A.W device performance[3] . Ion im plantation could o ffe r  
a v iab le  a l te rn a tiv e  technique.
The ion in te ra c tio n s  can cause,
(D Sw elling  of the q u a rtz [4] or aluminium[5]
(2 )S p u tterin g  of the q u a rtz [6] or aluminium[6]
(3 )S tre ss  e f fe c ts [7 ,8 ]
(4)Compound form ation[5 ,9 ,10]
and (5)Surface topographyt11,12,13]
The co n trib u tio n s  of each depend upon ion dose and energy.
Previous work in  th is  f ie ld  was done by S. James[14] and
W.Ashby[15l. S.James in v estig a ted  the parameter trimming of
conventional S.A.W reso n ato rs  by varying the energy of argon ion 
bombardment. While W.Ashby monitored the e ffe c ts  o f . sp u tte r  etching on 
the response of a S.A.W device by varying the argon ion dose. Both 
p ro je c ts  examined the f e a s ib i l i ty  of producing a method of trimming the 
responses of ind iv idual S.A.W devices.
Workers th a t  have a lso  con tribu ted  to  th is  f ie ld  include ;
P.Hartemann and M.Morizot (am orphisation of quartz su b stra te s  by ion 
im plantation [16] , and the v a r ia tio n  o f the surface acoustic  wave 
v e lo c ity  by ion im plantation  [17] ) , W.H.Haydl and P.S.Cross
(param eter trimming by s e le c tiv e  chemical etching [18] , and f in e  
tuning using m e ta llisa tio n  th ickness [19] ) , G.Volluet (tun ing  by
m agnetoelastic e f fe c t  [20] ) , H.L.Garvin and R.D.Weglein (e f fe c t  of 
ion beam sp u tte rin g  on aco u stic  surface wave propagation [21] ) , and
H.I.Sm ith e t  a l (ion  beam etching  of re f le c tiv e  array f i l t e r s  [22] ) .
The aim of th is  p ro je c t i s  to  in v estig a te  the many e f fe c ts  a
rea c tiv e  ion beam has on a S.A.W device by analysing each ion e f fe c t  
mentioned prev iously . This then es ta b lish es  a g rea te r understanding of 
the  processes involved in  trimming a S.A.W device.
Molecular oxygen was implanted a t  energies between 50-200keV and
doses from 3 * 1 0 ^  to  2 .3 * 1 0 ^  oxygen atoms cm”2 in to  th in  (250nm) 
aluminium film s evaporated onto ST quartz su b stra te s .
Bombardment by oxygen ions gave e s se n tia lly  a clean system[10] in  
quartz , while being re a c tiv e  in the aluminium film .
The implanted surfaces were examined by,
(1) Talystep measurements.
(2) Rutherford B ackscattering Spectrom etry. (R.B.S)
(3) E lectron Probe Spectroscopy. (E.P.S)
(4) Secondary e lectron  microscopy. (S.E.M)
(5) Transmission e lec tron  microscopy. (T.E.M)
(6) X-ray Photo-electron Spectroscopy. (X.P.S)
and (7) The T rip le  Resonator Technique. (T.R.T)
A t r i p l e  quartz (bulk) resonator technique was developed in  order 
to  measure sp u tte rin g  y ie ld s  and l a t e r a l  s tr e s s  in  ion bombarded th in  
film s.
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Figure 1 : Appl ication  range o f  bulk and S.A„W reson ators .
6CHAPTER 1. The T rip le  Resonator Technique 
Theory and experim ental d e ta i l s .
In troduction .
Quartz resonators have been used fo r years as film -th ick n ess
monitors in  the research , development and manufacture of th in  film s and 
th in -f ilm  dev ices[23 l. These resonato rs ac t as microbalances and 
d e tec t changes in  the mass per u n it  area of th in  film s. I n i t i a l  ion 
im plantation workers[24-26] u t i l i s in g  th is  technique, measured 
sp u tte rin g  y ie ld s  fo r various deposited  film s. A s in g le  quartz  c ry s ta l  
resonator was used in  these cases.
A double resonator technique,[27] was introduced recen tly  fo r
simultaneous measurement of th in -f ilm  mass and s tr e s s  measurements[28]. 
The technique u t i l i s e s  the fa c t  th a t  the th ickness shear resonant 
frequency of a quartz resonato r p la te  can be measurably sh if te d  by 
s tr a in  e f fe c ts  through a s t a t i c  s t r e s s  b ias  s e t  up in  the quartz  p la te  
by s tr e s s  in  a th in  film  on the  p la te  surface .T h is s tress-in d u ced  
frequency s h i f t  i s  separated  from the more commonly used mass loading 
frequency s h i f t  (used by standard  vacuum deposition  th in -f ilm  th ick n ess 
monitors) by exposing two resonato r p la te s  of d i f f e r e n t  
c ry sta llo g rap h ic  cu ts  to  the same th in  film  e f fe c ts .  One then has two 
equations and two unknowns. The choice of c ry sta llo g rap h ic  cu t was the
AT and BT fo r minimal thermal frequency s h i f t  e f fe c ts .
1.1 Theory of the m ulti-resonato r technique .
The basic  idea , developed in th is  work, is  to  expose th ree  
resonato rs to the same environment, one being a dummy with a Cr-Al 
thermocouple and the other two resonators of d if f e re n t  c ry s ta llo g ra p h ic  
cu ts .
With the help of the resonator theory, one can sep ara te  out the 
d esired  inform ation on more than one v a riab le  and be assured of 
unambiguous r e s u l ts .  There are th ree  major independent v a r ia b le s  th a t  
a f fe c t  the resonant frequency of the quartz resonator p la te ;
1.2 E ffec t of Temperature .
This has been tre a ted  the most ex tensive ly  because o f i t s  
importance in frequency con tro l a p p lica tio n s .
The most general expression fo r the e f fe c ts  of tem perature, T, on 
the  resonant frequency , f  , o f a quartz resonator i s  given by the 
s e r ie s  expansion,
j -  -  b AT + b £T2 + b AT3 +  (1 .1 )
o *
Where Af i s  the frequency s h i f t  in  h e r tz , f  i s  the resonant 
frequency in  hertz  a t  tem perature T , AT i s  T-TQ in  °C, and bn i s  the 
tem perature c o e ff ic ie n t fo r the AT11 term in °C n .
Figure 1.1 shows p lo ts  of the A f/f  fo r the widely used AT-cut 
quartz resonator for s l ig h t  ro ta tio n s  of the c ry s ta llo g ra p h ic  cu t about 
the id ea l o r ie n ta tio n [2 8 ] . One can see from fig u re  1.1 th a t  the s e r ie s  
expansion of equation 1.1 can vary considerably  depending on which 
o r ie n ta tio n  or To i s  ac tu a lly  used. An o r ie n ta tio n  fo r TQ can be 
chosen to  emphasize p rim arily  the b  ^ or b^ terms of equation 1 .1 . By 
using the c ry s ta l blank a t  a tu rn ing  po in t tem perature ( in d ic a te d  by
the dashed l in e  in  f ig u re  1 .1 ) , one can emphasize the b^ term over 
small tem perature excursions.
Another widely used c ry s ta llo g rap h ic  cu t is  the BT-cut which has 
a parabo lic  A f /f  vs T c h a ra c te r is t ic  with the peak in  the 
c h a ra c te r is t ic  occurring a t  a zero tem perature depending on the  exact 
o r ie n ta tio n  of the cu t.
1.3 S ta t ic  s tr e s s  in  the p la te  a r is in g  from 
ex te rn a l fo rces .
The e f fe c ts  of s ta t i c  s tr e s s  in  the quartz p la te  s e t  up by 
ex terna l mechanical fo rces a r is e  from higher order e la s t i c  co n s tan t 
e f fe c ts ,  ie  from the fa c t  th a t  a l l  so lid s  including quartz  do not obey 
exactly  Hooke’ s Law of e l a s t i c i t y .  Of primary in te r e s t  here i s  the 
e f fe c t  of the s ta t i c  b ias  s e t  up in  the quartz p la te  by in te rn a l  
s tre s se s  in  the th in  film s on the surface of the p la te .
The frequency s h i f t s  caused by such a s tr e s s  b ia s  have been 
tre a te d  elsewhere in  d e ta i l[2 9 l .
The e f fe c t  i s  described by
Af = K_AS_  ( ]>2)
T To q
where f  i s  the frequency a t  some reference s tr e s s  (u su ally  zero 
s tre s s )  in  the th in  film  on the su rface , AS i s  the in te g ra l  through the 
film  th ickness of the net change in  the film  s tr e s s  in  dyne cm , Tq i s  
the th ickness o f the quartz  p la te , and K i s  a constan t ca lc u la te d  from 
th ird -o rd e r  e la s t ic  theory. The ca lcu la ted  value fo r K fo r  the YXL, ^ 
fam ily[28] i s  shown in  f ig u re  1.2 ( th is  family co n ta in s  the  AT- and 
B T-cuts). Here, i t  is  assumed th a t  AS i s  p o s itiv e  fo r an in c rease  in  
tension  in  the in te rn a l s tr e s s  in  the th in  film . Note th a t  the  value
fo r K seen in  fig u re  1.2 does not change d ra s tic a lly  fo r small changes 
in  the c ry sta llo g rap h ic  angle Thus, i t  i s  possib le  to  make marked 
changes in  the tem perature c o e f f ic ie n ts  such as seen in  f ig u re  1.1 and 
m aintain K re la tiv e ly  constan t.
1.4 Areal density  of m ateria l on the resonator 
p la te  su rface .
The th ird  v a riab le  i s  the commonly used mass loading e f fe c t  
described by[30],
where AM i s  the
surface of the resonator w ith AM p o s itiv e  meaning ad d itio n  o f mass, pq 
i s  the density  of quartz (2.65gcm“^ ) , and f  i s  the frequency befo re  AM 
has been applied to the surface of the resonator p la te .
1.5 Combination of the th ree  e f fe c ts .
In equations 1.2 and 1.3 i t  i s  assumed th a t  the su rface  film  
causing the change in  frequency i s  uniform across the  a c tiv e ly  
v ib ra tin g  region of the c ry s ta l .  Also AM, AS, and AT must be small 
enough to  ensure th a t  the simple p roportional r e la t io n s  used in  
equations 1 .1-1 .3  hold.
A good approximation fo r judging the a p p lic a b il i ty  o f equations 
1.1—1.3C30] i s  for A f /f  to  be <1(f2 . Larger r a t i o ’s can be handled 
but are beyond the scope o f th is  work.
The b as is  fo r the m u ltip le  resonator measurements depends on the 
assumption th a t  a l l  th ree  e f fe c ts  described by equations 1 .1 -1 .3  can be 
superimposed l in e a r ly .
. . . . d . 3 )
o pqTq
change in  the a rea l mass density  in  gem ^ on the
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Figure 1.2 : Calculated va lues  o f  the  constant  K for
the popular YXL,$ family  o f  quartz  
c r y s ta l lo g r a p h ic  c u t s .
Although there  has been some work re la t in g  tem perature e f f e c ts  on 
equation 1.2 [31], th e re  i s  no published evidence fo r th e re  being 
strong second order e f fe c ts  which would in v a lid a te  the assum ption. I t  
i s  fu rth e r assumed th a t  there  i s  a choice of c ry s ta llo g ra p h ic  c u ts  fo r 
as many as th ree resonato rs  th a t  have the same pre-dom inant b^ in  
equation 1.1 fo r small tem perature excursions about T .
Since there  are th ree  independent v a r ia b le s , ATn , AS, and AM, we 
need th ree  resonato rs to  provide s u f f ic ie n t  inform ation to  solve for 
a l l  th ree  v a riab le s .
The choice of th ree  resonato rs  w ith d if f e re n t  c ry s ta llo g ra p h ic  
cu ts  then allows the general case to  be expressed by the  follow ing 
system of th ree  equations in  th re e  unknowns.
A f i n A S i AM1
—  ■ b l n AT + - . . . ( 1 . 4 )
ol  T )q PqT lq
A f ,  AS AM,
—  = b2 n AT + K2— ----------- —  - . . . ( 1 . 5 )
f 0 2  2q V 2 q
A f ,  _ AS„ AM
°3 l 3q PqT3q
—  -  b AT + K -------------------L .  . . . . ( 1 . 6 )
t o  T_  D T _
We have used two reso n a to rs  to  measure s t r e s s  and mass 
sim ultaneously, represented  by equations 1.4 and 1 .5 . This i s  made 
possib le  by the use of a dummy c r y s ta l ,  in  the same i r r a d ia t io n  
environment, with a Cr-Al thermocouple which allows us to  determ ine the 
c ry s ta l tem perature and th e re fo re  the bnATn co n tr ib u tio n .
There are then two unknowns and only two reso n a to rs  necessary . 
The resonators chosen fo r the experim ental work were the AT- and 
BT-cuts, because of th e ir  small tem perature c o e f f ic ie n ts  and th e i r
13
a v a i la b i l i ty
The re su ltin g  equations are ,
A f AS • AM
(1.7)
f 1o
and
A f 2
f 2o
In the p resen t case the ion bombardment a c ts  over the same
p en e tra tio n  depth in both id e n tic a l film s; thus
A M ] =  AM2 =  AM ,
AS 1 =  A S2 =  AS ,
and equations 1.7 and 1.8 can be manipulated to  ob ta in  AS and AM in 
terms of the experimental observables Af^ and Af^.
The re s u l t  i s ,
A computer program w ritten  in  Basic aided rap id  computation of 
the experimental r e s u l ts  obtained.
The use of two resonators as suggested above in equations 1.7 and
1.8 to  measure s tr e s s  and mass was dubbed the ’double resonato r 
technique’ , by EerN isse[27,28,32—3^4], we have dubbed our method the 
’t r i p l e  resonator technique’ , as we include a dummy in  o rder to  ensure 
th a t  a l l  the r e s u l ts  are taken a t  the  same tem perature.
and
1.6 Experimental d e ta i ls .
Several p a irs  of 6MHz resonator c ry s ta ls  (AT and BT-cut) were 
coated with approximately 1pm of the m ateria l under in te r e s t .
An AT-cut resonato r, a quartz resonator dummy with a f la tte n e d  
Cr-Al thermocouple placed on i t s  surface and a BT-cut resonator ,w ith 
th e ir  o r ig in a l holders, were mounted side by side onto a s ta in le s s  
s te e l  p la te (se e  fig u re  1 .3 ).
A 1x3cm ion beam ap ertu re  followed by a c ry s ta l defin ing  ap e rtu re  
allowed ions to  bombard only the  ac tiv e  area of the resonato rs  and 
minimise the hea t input to  the  c ry s ta ls .  The ion beam was focused and 
scanned both h o riz o n ta lly  and v e r t ic a l ly  to  ensure uniform ity over the 
e n tire  beam defin ing  ap ertu re . Secondary e lec tro n  suppression was used 
fo r accurate  ion counting. Vacuum during ion bombardment was b e t te r  
than 1Cf6 to r r .
Resonator frequencies were measured with a simple o s c i l la to r  
c i r c u i t( f ig u re  1 ,M) and a frequency counter for each of the two 
resonato rs. The c i r c u i t  was designed so th a t  a l l  the  ion cu rren t 
passing through the ap ertu re  was measured, including th a t  impinging on 
the resonator p la te s . Temperature r is e  o f the c ry s ta ls  was monitored 
with the thermocouple on the  dummy reso n ato r. Data were taken by 
recording the two resonator frequencies, bombarding to  a pre-determ ined 
ion fluence, w aiting t i l l  the tem perature recovered before recording 
the new frequencies, and repeating  the cycle(see  f ig u re  1 .5 ).
The d .c . output of the Comark thermometer was fed in to  a simple 
comparator c i r c u i t( f ig u re  1 .6 ) . This ac tiv a ted  an l . e . d .  a t  the 
appropriate  d .c . le v e l, to  ensure th a t  the readings were constan tly  
taken a t  the same reference tem perature.
A ll the c ry s ta ls  used, were sp ec ified  and obtained from the two
companies l i s t e d  below.
(1) Marconi, S pecialised  Component D ivision, Essex 
and (2) The Quartz C rystal Company, New Malden, Surrey.
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CHAPTER 2. Rutherford B ackscatiering  Spectrometry(R.B.S)
Theory and experim ental d e ta i ls .
2.1 The technique.
The R.B.S an a ly s is  technique has been throughly explained by many 
authors[35 ,36].
This technique was used in  the random mode to  determ ine:
(1) The implanted oxygen p ro f ile .
(2) The implanted range and standard dev ia tion  of oxygen in
evaporated aluminium film s.
(3) The concen tration  o f oxygen in  the implanted la y e r .
(4) The th ickness of implanted and anodized oxides formed.
(5) The sto ichiom etry  of the oxides formed, 
and (6) The presence of undesirab le  im purities .
A ll the inform ation was obtained w ithout causing s ig n if ic a n t  
damage to the sample.
2.2 Mass an a ly s is .
Rutherford B ackscattering  i s  used in  surface an a ly sis  to  provide 
q u a n tita tiv e  mass and depth inform ation. The method involves 
bombarding a ta rg e t ,  in  vacuum, with a collim ated , monoenergetic beam 
o f l ig h t  ions, u sually  o f helium or hydrogen.
The p resen t study employed 1.5 MeV helium ions. Most of the  ions 
p en e tra te  several microns in to  the ta rg e t  and come to  r e s t  but a few 
w ill  c o llid e  with ta rg e t  atoms and w ill  undergo e la s t ic ,  w ide-angle 
s c a tte r in g  by the coulomb repu lsion  of the atomic n u c le i.
I f  such a s c a tte r in g  event i s  purely e la s t ic  w ith no in tro d u c tio n
of a nuclear reac tio n  then the energy of the sca tte red  ion can be found 
from the conservation law. This energy is  given by,
where K = Kinematic fa c to r  
= mass of ion 
M2 = mass of ta rg e t  atom 
0 = s c a tte r in g  angle
and Eq = in c id en t energy of ion
The above equation gives the energy of an ion s c a tte r in g  from a 
surface atom as a function  of the mass of the ta rg e t  atom.
2.3 Depth an a ly s is .
I f  the ion pen e tra tes  the ta rg e t  surface i t  w ill  lo se  energy to  
the e lec tro n s  of the ta rg e t atoms by io n isa tio n  and e x c ita tio n  and 
a f te r  sc a tte r in g  i t  w ill  lo se  fu r th e r  energy along i t s  outward path . 
The ion w ill  th e re fo re  leave the ta rg e t  surface with energy KmE0-AE 
where AE i s  the energy lo s t  by the ion on i t s  path in to  and out of the 
ta rg e t .  To a f i r s t  approximation the energy lo ss  i s  p roportional to  
the depth ’ t ’ , of the s c a tte r in g  event so th a t ,
AE -  [ S ] . t
where [S] depends on and the energy lo ss  dE/dx per u n it  path length  
fo r the p a r tic u la r  ta rg e t  m a te ria l.
2.4 Concentration A nalysis.
The backsca tte ring  y ie ld  from a depth 1t T, i s  p roportional to  the 
area density  of sc a tte r in g  cen tres  a t  th a t  depth. Therefore the number 
of backscattered  ions which can be re la te d  to  s c a tte r in g  from a c e r ta in  
type of atom a t  depth T t ’ , w ill  give a measure o f the atomic
cos e + (M2-M2s i n 2e ) , / '2
m1+m2
E ---------- ( 2 . 1 )o
concentration  a t  th a t  depth.
The sc a tte r in g  process due to  Coulomb in te ra c tio n s  was tre a te d  
c la s s ic a lly  by Rutherford[35] and can be expressed in  terms of a 
d i f f e r e n t ia l  s c a tte r in g  c ro ss -sec tio n ,
do
dft
z 1 z2e
2 2
2Es in20
r  21 1 / 2 1 2cos 0 + - (Mj s i n 8) j  I
/  ? \ 1/2 s in  0 )Z)
where = atomic number of ion
z2 = atomic number of ta rg e t  atom
e = e le c tro n ic  charge
0 = labo ra to ry  s c a tte r in g  angle
and E = energy of ion p r io r  to  s c a tte r in g
~  i s  usually  abbreviated to  a or a(E) .
The im portant consequence of equation 2.1 i s  th a t  the 
c ro ss-sec tio n  fo r e la s t ic  b acksca tte ring  i s  p roportiona l to  th e  square 
of the atomic number of the ta rg e t  atom. Thus the method i s  very 
se n s itiv e  when used to  d e te c t a heavy im purity near the  su rface  of a 
l ig h t  su b s tra te . The s e n s i t iv i ty  fo r d e tec tio n  of gold atoms i s  around 
1012 atoms cm*"2 .
For l ig h t  atoms the b acksca tte ring  y ie ld  i s  g re a tly  reduced and 
where the su b s tra te  i s  of a heavier m ateria l the c o n tr ib u tio n  from the  
l ig h t  impurity w ill be superimposed on the spectrum from the s u b s tra te .
From sc a tte r in g  theory the number of ions detected  due to  s in g le  
sc a tte r in g  from a heavy im purity a t  depth ’ t T, i s  given by,
0 c p d t  Q n
where p = density  o f im purity atoms 
da/dfi = s c a tte r in g  c ro ss-sec tio n
d t = th ickness of lay er under considera tion  
Q = to ta l  number of ions s tr ik in g
and n = so lid  angle of d e tec to r
The smearing out of the impurity peak and the f ro n t edge of the 
continuum (fig u re s  2.1 and 2.2) i s  a r e s u l t  of d e tec to r re so lu tio n . In 
general s il ic o n  surface b a r r ie r  d e tec to rs  have energy re so lu tio n s  in  
the range 12 to  20keV(F.W.H.M). This i s  equ ivalen t to  a depth 
re so lu tio n  of the order of 20 to  30nm.
2.5 T heoretical R.B.S sp ec tra .
T heoretical p lo ts  o f the samples of in te re s t  are  shown in  f ig u re s
2.1 and 2.2 o f Al^O^/Al th in  film  on a carbon su b s tra te  and a AlpO^ 
th in  film  on a aluminium su b s tra te .
These p lo ts  were obtained from a U niversity  program based on the 
work of Z ieg ler e t  a l [36][373 -
So fa r  a l l  the above ca lc u la tio n s  have been performed, assuming 
th a t  th e re  has been no s ig n if ic a n t change in  the  aluminium 
concentration  in the implanted la y e r . Further i t  was assumed th a t  the 
p ro jected  range and the standard dev ia tion  of the p ro jec ted  range did 
not change, and a lso  no sp u tte rin g  took p lace .
1 ftThese assumptions are v a lid  fo r im plant doses up to  10
p
ions cm' , due to the extremely slow sp u tte r in g  r a te  o f the evaporated 
aluminium. This i s  a ttr ib u te d  to  the presence of the n a tiv e  oxide on 
the aluminium surface.
2.6 Experimental d e ta i ls .
A beam of helium p a r t ic le s  a t  an energy of 1 .5MeV, was used fo r 
the  an a ly s is ; the s ta b i l i ty  of the beam was b e t te r  than±1 .5keV .
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Figure 2.1 : Theoret ica l  R.B.S spectra  o f  lOnm Al^O^,
lOOnm A1, 50nm Al^O^, lOOnm A1 and lOnm 
Al^O^ sandwiched together  on a carbon 
s u b s tr a te .
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Figure 2 .2  : Theoret ica l  R.B.S spectra  o f  lOOnm o f  Al^O^
on a aluminium s u b s tr a te .
The beam spot s ize  is  1mm in diameter and i s  of uniform d en s ity ; the 
vacuum pressure was b e tte r  than 10“  ^ to r r  in  the beam l in e .
The specimen under in v es tig a tio n  was mounted on an aluminium
backing p la te  with s ilv e r  dag, and was held in  p o s itio n  by a phosphor 
bronze spring . The p la te  was f i t t e d  in to  a threaded PTFE sample 
holder. From the aluminium backing p la te  a lead was taken to  an ea rth  
p o te n tia l via a high s e n s i t iv i ty  cu rren t in te g ra to r .  The cu rren t 
in te g ra to r  monitored the beam cu rren t and supplied pu lses to  an
e le c tro n ic  counter fo r the to ta l  helium dose measurement.
Attached to  the f ro n t face of the specimen ho lder, bu t in su la ted
from i t  was an annulus of aluminium, to  which a negative p o te n tia l  of
300 v o lts  was applied , with respect to  e a r th . This negative b ias
suppresses any secondary e lec tro n s  em itted from the specimen bu t allows
the in c id en t and the backscattered  p a r t ic le s  through unhindered.
During an a ly sis  the ta rg e t chamber and the beam lin e  were pumped down
—f\to  p ressures b e tte r  than 10“ to r r ,  using o i l  d iffu s io n  pumps and 
liq u id  n itrogen tra p s , backed by ro ta ry  pumps.
The He+ p a r t ic le s  s c a tte re d , a t  a wide angle, from the su rface
and up to  a depth of one micron, of the specimen were detec ted  using a 
s il ic o n  surface b a r r ie r  d e tec to r , with an energy re so lu tio n  o f 
15keV(F.W.H.M), s e t  a t  an angle o f 30° to  the beam l in e  en try  ax is . 
The p a r tic le s  en tering  the d e te c to r , which i s  reverse  b iased to  75
v o lts , produces pulses which are e le c tro n ic a lly  processed by the 
e le c tro n ic s  of the system.
In the p resent work the param eters, which have been used are  
l i s te d  below:
(1) Inciden t energy of He+ ions, 1 ,5MeV±1.5keV.
(2) Helium beam cu rren t, 3nA to  10nA.
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(3) Charge co llec ted , 7 to  15 pC.
(4) 512 channels for 1.5MeV.
(5) D etector b ias , -75 v o lts .
(6) Chamber vacuum, 10 to r r .
(7) Random mode an a ly s is .
To ob tain  an accurate  c a lib ra tio n , energy per channel, a 
backsca tte ring  spectrum was obtained using a standard sample (<10nm of 
gold on a s il ic o n  su b stra te )  a t  the commencement of each backsca tte ring  
session .
A ll the  R.B.S spectra  presented were obtained by re p lo ttin g  the 
average y ie ld  of four ad jacen t channels normalised to  5pC of helium 
dose, to  improve the s t a t i s t i c s  of the sp ec tra .
2.7 R.B.S sample p repara tion .
V itreous carbon blanks, 25mm square, (manufactured by ’Le 
Carbone’ , Lorraine, P aris) w ith a very rough, undulating su rface  were 
obtained from the X.P.S research  group (U niversity  of Surrey).
Once the edges of these blanks were bevelled  using a f i l e ,  the  
surface was hand lapped on decending grades of emery c lo th s .
The bevel was necessary to  avoid, ripp ing  the lapping fa b r ic  and 
sh a tte r in g  the  blanks. These rough blanks were then mounted w ith green 
wax (Castylene A71) onto the holders of a Metaserv Universal lapping 
p o lish e r.
Lapping fa b ric s  impregnated with diamond lapping paste of a g ra in  
s iz e  of 8pm and 1pm were used consecu tively . The samples were lapped 
in  a double c irc u la r  rev o lu tio n , w ith a applied sample force o f 97gms 
a t  300rpm. The blanks were lapped fo r 30 days a t  each of the two 
diamond pastes  used, with a constan t fa b ric  lu b ric a tio n  of c le a r  l iq u id
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p a ra ff in , u n t i l  a m irror f in is h  was obtained. The blanks were then 
moved and mounted on a piece of aluminium with green wax w ith  i t s  
highly polished surface down. The back surface was f i r s t  scored in to  
sample s iz e s  w ith a su rg ica l sca lp e l and, then the score was deepened 
by using a ju n io r hacksaw b lade, w ith the wave on the  blade ground o u t. 
This allowed a f in e  surface  cu t to  be es tab lish ed  . The samples were 
f in a lly  cu t out using a ordinary hacksaw blade.
These samples were u ltra s o n ic a lly  cleaned fo r  3 m inutes in  
trich lo ro e th y len e  and f in a l ly  vapour cleaned f i r s t  in , 
trich io ro e th y len e  and f in a l ly  propan2ol u n t i l  th e  su rface  was f re e  of 
s ta in s .
These polished carbon samples were then placed in to  an evaporator 
and 2iJ0nm±5nm of aluminium was deposited using an AT-cut c ry s ta l  
monitor.
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CHAPTER 3. B lis te r in g  .
In troduction .
Various topographical fe a tu re s  have been observed on ion 
bombarded sin g le  phase m a te ria ls , namely: cones[38-40], g ra in
r e l ie f [4 1 ] ,  p its[4 2 ,4 3 1 , fa c e ts [4 4 ], bubbles and b l i s te r s [ 4 5 l . These 
have been s a t is f a c to r i ly  explained in  terms of v a r ia tio n s  in  sp u tte rin g  
y ie ld  w ith angle of incidence[46] , red ep o sitio n  of spu tte red  
m a te r ia l[4 7 ] , c o ll is io n  cascade density  e ffec ts [4 8 ] , voids produced by 
ra d ia tio n  damage[43], and accumulation of a gaseous im plan t[45 l.
The form ation of g a s - f i l le d  b l i s t e r s  in  the  surface region of 
i r ra d ia te d  so lid s  has been observed by severa l au th o rs[49-54].
An extensive range of experiments have been performed a t  
d if f e r e n t  ion bombarding energ ies, ta rg e t  tem peratures and sample 
s tru c tu re s  over d if fe re n t m a te ria ls [5 5 -6 0 ].
Although a large body of experim ental inform ation has been 
obtained, the  basic mechanisms underlying the  b l is te r in g  processes are  
s t i l l  poorly understood.
A simple model[8] presented here, could explain  b l is te r in g  
mechanisms fo r high energy (>20keV) ion im plantation  a t  room 
tem perature.
3.1 Model fo r mechanism of b l i s t e r  form ation.
E lectron  microscopy observations have shown th a t  the i n i t i a l  
bubbles a re  nearly sp h erica l c a v it ie s  of s iz e s  between 1.5nm and 4nm 
[61-64], The bubble i s  assumed to  m aintain the same geom etrical shape 
w h ils t a l te r in g  in  s iz e . T hereafter the  p resen t model assumes th a t  
th e re  i s  coalescence of the i n i t i a l  bubbles leading  to  a growth of 
bubbles up to  a rad ius Tb ! , a t  a d istance  ’R ’ , from the su rface  as 
shown in  f ig u re  3 .1 . Here Rp i s  the mean depth of the concen tra tion  
p ro f i le .
Since the in e r t  gas in  the bubble e x e rts  a p ressu re  normal to  i t s  
su rface , and due to  the proxim ity of the m ateria l su rface , an 
an iso tro p ic  s tr e s s  d is tr ib u tio n  is  produced in  the  h o st s o lid . This 
can r e s u l t  in  f ra c tu re  w ith the sec tio n  above th e  bubble being e jec ted  
or p a r t ia l ly  ruptured.
I t  i s  known th a t ,  the exact so lu tio n  fo r the  equilibrium  s tr e s s  
produced by the cav ity  inner p ressu re  in  the m ateria l surrounding the 
bubble, when i t  i s  near a su rface , i s  m athem atically in tra c ta b le  in  a 
three-dim ensional case. However J e ffe ry [65] has obtained th e  exact 
so lu tio n s  fo r  an iso tro p ic  s e m i- in fin ite  medium in  the two-dimensional 
case. Since the cav ity  can be sectioned by d iam etral p lanes 
perpendicular to  the  so lid  su rface , any one o f them leading  to  the  
two-dimensional problem, J e f fe ry ’s r e s u l ts  a re  used here  to  
approximately find  po in ts  of maximum s tr e s s .
The p e r tin e n t r e s u l ts  obtained by J e f fe ry [65] a re  b r ie f ly  
explained here . I f  ’P1, i s  the  p ressure  w ith in  the  c av ity , th e  te n s i le  
s tr e s s  along the c irc u la r  cav ity  i s  given by
oc * P ( l + 2 ta n % )   (3 .1 )
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A p o in t on the boundary of the cavity  is  described e i th e r  by the 
angle j> or 0 (see f ig u re  3.1) with
tan  $ = b s i n  P
R - b c o s 8  
P
The re su lt in g  function  a(e) has extremes a t  0=0 and a t  
0=0m=cos (b /R p), the f i r s t  one being a minimum and the  second a 
maximum.
Therefore the maximum s tre s se s  are  a t  B, the  p o in ts  o f the 
tangents drawn from A to  the c irc u la r  boundary. At these p o in ts  the  
s tr e s s  i s
° c  max= P -------  ------
R2 -  b2 
P
The s tr e s s  along the s tr a ig h t  edge (z=R , f ig u re  3 .1 ) i s  a
r
function  of x only and i s  given by
°x “ V  -i|Pb2 (x2' Rp +b2) • • • • ( 3 .3 )
( x 2+ R2 - b 2 )2
P
where the o rig in  of coordinates i s  a t  p o in t 0. Maximum te n s i le  
s tr e s s  in  th is  case occurs a t  po in t A (x=o), where
. 2
a = AP — -—  . . . . ( 3 . A)xmax (((2_b2
P
I f  the maximum s tre s se s  a t  A and B are  compared i t  i s  seen th a t
they are equal when R =\/3b in  which case o ^ « a »= 2P .J n p v c max x max
According to  the considera tions immediately follow ing th i s ,  two 
d if fe re n t  cases are  expected to  occur:
(D  RD<^/3b, in  th is  case the f ra c tu re  i s  expected to  propagate
along the z ax is from po in t A towards the cav ity  su rface , as sketched 
in  f ig u re  3 .2 .
(2) Rp>\/3b, in th is  case a f ra c tu re  would develop along the 
c i r c le  re su ltin g  from the in te rs e c tio n  o f the sphere r=b and the  cone 
0=0m (f ig u re  3.1) , w ith the f ra c tu re  propagating through the so lid  
along the w alls of th is  cone as shown in  f ig u re  3 .3 .
z(x=0)
Figure 3.1 *. Sketch o f  a bubble o f  radius b at  a d i s ta n c e
R below the material surface .  Maximum s t r e s s e s  
P
are exerted on points A and B.
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Figure 3 .2  : Bubble frac ture  propagating along
the z ax is  from point  A towards 
the c a v i ty  su r face .
Figure 3 .3  *• Bubble fracture  propagating along
the s o l i d  through the s id e  w a l l s .
CHAPTER 4. Anodizing of bulk aluminium.
4.1 The technique.
An anodic oxide film  can be produced only on metal which is  
functioning  e le c t r ic a l ly  as an anode.
During e le c tro ly s is  atomic oxygen i s  l ib e ra te d  a t  the anode as a 
r e s u l t  of the passage of the e le c t r i c  cu rren t. The atomic oxygen 
re a c ts  w ith the aluminium to  form aluminium oxide, which is  anchored to  
the metal surface and remains adheren t, forming the anodic oxide film . 
The anodic oxide film  grows in  the  most d ire c t  manner out of the metal 
i t s e l f ,  th is  i s  to  say, the  i n i t i a l  m e ta llic  surface  i s  converted to  
the oxide film  and p rog ressive  growth o f the l a t t e r  i s  derived from the 
metal i t s e l f .
4.2 The Process.
I t  i s  genera lly  tru e  to  say th a t  the most commonly used, the  most
u n iv ersa l in a p p lic a tio n , and the cheapest process i s  the
d ire c t-c u r re n t Sulphuric acid  process where the film  th ickness ranges 
up to  30pm. This process produces a co lo u rle ss  oxide film .
4.3 P repara tion  of samples.
P rio r to  anodization , 1cm square bulk p o ly c ry s ta llin e  aluminium 
samples (99.9% pure) were throughly cleaned so th a t  the e le c tro ly te  
could a ttack  the metal uniform ly. For th is  purpose i t  i s  e s se n tia l to  
remove any d i r t ,  o i l  or g rease .
Degreasing was c a rrie d  out in  hot tr ic h lo ro e th y le n e  and hot
propan2ol vapour, then the samples were etched in  a ho t sodium
hydroxide bath and f in a l ly  rin sed  in  d i s t i l l e d  w ater.
The samples, a f te r  the f in a l rin sing  were then ready fo r
anodizing and were l e f t  in  clean d is t i l le d  water u n t i l  they were
transfeited  to  the anodizing bath .
4.4 D issolving the Anodic film  .
This process obviously damages the oxide film , but the underlying 
metal surface i s  not a ffec ted .
A su ita b le  acid m ixture[66] co n s is ts  of:
48g sodium dichromate, N a^C ^O y^jy) and 
200g 50% phosphoric ac id , made up to  1 l i t r e  
with d i s t i l l e d  w ater.
This bath w ill  d isso lve  an oxide film  30pm th ick  in  5 m inutes.
I f  the sample is  l e f t  too long in  the solvent so lu tio n  no g re a t harm is
done, s ince the so lvent bath has l i t t l e  action on the underlying m etal.
4.5 Experimental d e ta i l s .
Anodizing process -  Sulphuric Acid d .c .p rocess  
D e ta ils  of bath -  H^SO^Cconc) and d i s t i l l e d  H^ O
made up to  a 15% so lu tio n .
Working tem perature -  For hard, co lo u rless  film s,10-16°C
for ordinary film s ,18-20°C
for th ick , absorbant f ilm s ,20-22°C
E le c tr ic a l data -  The vo ltage, was kept to  20v±1v.
p
the cu rren t, fo r  1cnr was 10mA.
To ensure, c o rre c t formation of the anodic film  the bath was
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constan tly  changed and electrom echanically  s t i r re d  fo r each sample. 
The experim ental se t-u p  i s  shown in  f ig u re  M.1.
50
current
limiterr-B 20v±1v
ammeter
thermometer
-15% H2S04  bath 
-bulk Al sample 
-stirring bean
siainless steel 
cathode""
■magnetic s tir re r
Figure 4.1 : The experimental s e t -up  used for the
anodization o f  aluminium samples.
CHAPTER 5. The Talystep,T.E.M and S.A.W measurements.
5.1 The Talystep technique.
The ’T alystep’ , provides a mechanical height measurement by means 
of a moving s ty lu s  transducer. The output of the moving c o il  
transducer i s  am plified e le c tr ic a l ly  and presented upon a carbon 
conductive paper s t r ip  recorder.
Using the Talystep a 2mm length could be scanned and the p ro f i le  
recorded on a s t r ip  ch a rt.
5.2 Experimental considera tions for the Talystep.
The s e n s i t iv i ty  of th is  machine (re so lu tio n  of 2nm) was so g re a t
th a t  d istu rbances on the sample surface due to  g r i t ,  dust and long
undulations in  the su b s tra te  cause problems when examining very th in
film s. The former d istu rbances could be minimised by c a re fu l
p rep ara tio n , storage and handling of the samples, but the l a t t e r  
occurred in  the o r ig in a l manufacture of the su b s tra te .
The p ra c tic a l maximum reso lu tio n  of th is  instrum ent was found to
be 4nm fo r quartz and aluminium su b stra te s . At such a g re a t
s e n s i t iv i ty  the p o s itio n  of the step  under in v es tig a tio n  had to  be 
pre-determ ined very accu ra te ly . This was achieved by p lacing  a 
coloured marker on the edge of the step  with the aid  of a l ig h t
microscope.
The Talystep measurement was used fo r th ree  s ig n if ic a n t
measurements.
(1) Film th ickness c a lib ra tio n
(2) Bombardment p ro f i le  of the surface 
and (3) sp u tte rin g  measurements.
5.3 T alystep- Sample p repara tion .
To in v e s tig a te  the sw elling of c ry s ta l l in e  quartz  a t  low
fluences, a 25mm square ST-cut quartz p la te  was cu t in to  3mm square
quartz samples using a diamond impregnated w ire saw.
H alf of the area of these samples were p ro tec ted  from the  ion
beam by a s ta in le s s  s te e l  sh ie ld  ( re fe r  to  f ig u re  5 . 1) .
To in v e s tig a te  the sp u tte rin g  of quartz a t  high flu en ces, a 25mm 
diameter c irc u la r  fused quartz  ( to  elim inate  ra d ia tio n  damage e f fe c ts )  
s l ic e  1mm th ick  was used. Figure 5.2 shows th is  second sample and 
fig u re  5.3 shows the cleaning process used on a l l  the quartz  su b s tra te s  
before a double evaporation to  produce a aluminium mesh which served 
the purpose of conducting away charge from the surface and expose 0 .5mm 
squares of quartz to  the ion beam. This d isc  was then cu t in to  
id e n tic a l sized samples as above.
Both quartz su b s tra te s  were purchased from ’Gooch and Housego’ , 
C ornh ill, I lm in s te r .
5.4 P reparation  of T.E.M samples.
A la rg e  sodium ch lo ride  o ff-c u t s in g le  c ry s ta l  purchased from 
’Rank H ilg er’ , Margate, Kent, was cleaved u n t i l  samples were obtained  
with a m irror surface f in ish  ( 1mm cub ic).
These were then fixed on double sided tape and evaporated w ith  
the metal of in te re s t ,  to  the th ickness required  using an AT-cut 
c ry s ta l monitor.
A fter im planting the samples, the  metal film s were f lo a te d  o f f  in  
d i s t i l l e d  water onto 3nim copper g rid s .
Samples were a lso  made by e le c tro -p o lish in g  both s id e s  o f bulk
aluminium d iscs  . The bath consisted  of 5% P erch lo ric  in  Methanol a t  
-45°C with a p o te n tia l of+12v and a cu rren t between 15-20mA. This was 
found to  be a highly in e f f ic ie n t  method of producing samples of the 
required  standard.
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l — I—— -I---------- -s ta in le ss  steele r ~  "l shield
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Figure 5.1 : Talystep  samples for in v es t ig a t io n  of  the
s w e l l in g  o f  c r y s t a l l i n e  quartz.
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Figure  5 .2 : T a l ys t e p  samples f o r  the  i n v e s t i g a t i o n  o f
the  a b s o l u t e  s p u t t e r i n g  y i e l d  of  q u a r t z .
Polished Hot Hot
Quartz
W
tricholoethylene propan 2 ol
V
cleaned hot rinse in fuming conc.
slice
1 deionized w ater nitric acid
Figure 5 .3  : Cleaning procedure for a l l  quartz s l i c e s .
Each chemical is  t o t a l l y  so lu b le  in the  
previous ,  thereby e l im in at ing  any p o s s i b l e  
source o f  contamination.
5.5 S.A.W measurements.
The S.A.W layout is  shown in f ig u re  5 .4 . The S.A.W, with i t s  
unprotected u ltra so n ic a lly  bonded w ires, was subjected to  ion 
bombardment on the designed c i r c u i t  board, shown in f ig u re  5 .5 . A ll 
m e ta llisa tio n  was connected to  the cu rren t in te g ra to r  v ia the 50ft
connectors. Only the area concerned with the S.A.W resonator was
bombarded to  minimise heat inpu t.
The basic  measurement system is  shown in  block diagrams in  f ig u re  
5 .6 . This system enabled the resonant frequency, f Q ( 150MHz±50Hz), 
the 3dB bandwidth and the in se r tio n  lo s s  to  be measured p r io r  to  and 
a f te r  ion bombardment. A ll tra ck s  (made by photo lithography), 
connectors, and in terconnecting  lead s were made to  50ft sp e c if ic a tio n .
A 50ft sh o rt c i r c u i t  coupler was used v ia  p o in ts  A and B, shown in
fig u re  5 .6 . This enabled the OdB lev e l to  be c a lib ra te d  before each
S.A.W measurement.
H2
reflec to r bank
/
ea rth ed  s trip s
- /  \
interdigital
transducer reflector bank
\
split in te rd ig ita l tra n sd u c e r
Figure 5.^ • Basic S.A.W layout on the ST quartz su b s tra te .
J T '
connector
copper metalizafion on 
rev e rse  side
Figure 5*5 : S.A.W device holder and 50ft c i r c u i t  board.
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m eter
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R.F
attenuator
H.P network 
Analizer .
Figure 5.6  : Basic system required for measurement o f  a
S.A.W device .
CHAPTER 6 . R e s u l t s .
In tro d u c tio n .
In th is  chapter the experim ental re s u l ts  obtained using various
d iagnostic  techniques are presen ted .
The r e s u l ts  are  presented in  six  p a r ts  w ith p a r ts  one, two, four,
f iv e  and s ix  r e la te  to  m olecular oxygen bombardment of a S.A.W device.
The remaining p a r t ,  th re e , r e la te s  to  the v e r if ic a tio n  of the t r ip l e  
resonator measurement technique.
The f i r s t  p a r t  i s  concerned with the fa te  of the implanted oxygen 
ions fo r various im plan tation  doses w ithin  the energy range o f 50 to  
400keV, in  the aluminium and quartz su b s tra te s  while the second p a r t 
d ea ls  w ith the chemical natu re  of any compounds formed. The th ird  p a r t  
d ea ls  w ith the v e r if ic a t io n  of the ’ t r i p l e  resonator technique’ , 
described in  chapter 1. Using the t r ip l e  resonator technique, the  mass 
loading and the s ta t i c  s tr e s s  produced by the trapped oxygen ions in  
the  implanted aluminium th in  film  i s  in v estig a ted  in  p a r t  fou r.
Surface edge e f fe c ts  and surface tex tu re , produced during 
im plan tation , a re  reported  in  the f i f t h  p a r t .
The s ix th  p a r t f in a l ly  concludes the previous p a r ts  by examining 
the frequency response o f a S.A.W resonator implanted with 50keV, 0^ 
ions.
The l i s t  below in d ica te s  the various d iag n o stic  techniques 
u t i l iz e d  in  each sec tio n .
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Im plantation -R.B.S and Talystep
Chemical and S tru c tu ra l -T.E.M and X.P.S 
S pu ttering  and s tr e s s  -T.R.T 
Trapped ions and s tre s s  -T.R.T 
Surface E ffec ts  -S.E.M
S.A.W measurements -Network analyser.
6.1 Im p lan ta tio n -D istrib u tio n  and Concentration
of the  implanted oxygen.
6.1.1 Oxygen p ro f i le s .
F igures 6.1.1 and 6 .1 .2  show an unimplanted oxygen p ro f i le  and
1 f\the p ro f i le  obtained a f te r  im plantation with an atom dose of 2 .5*10 
atoms cm a t  m olecular oxygen energies of 50 and 100keV re sp e c tiv e ly .
I t  i s  seen th a t  each spectrum w ill requ ire  the su b tra c tio n  of i t s  
own background to  obtain  the tru e  oxygen p ro f i le  shown as the dotted  
l in e .  Angular R.B.S located  the f i r s t  small background peak a t  the 
carbon-aluminium in te rfa c e  while the second was found to  be a t  the 
su rface . This small surface peak i s  seen to  correspond to  the oxygen 
signal a t  the surface and can be concluded to  be the oxygen sig n a l from 
the  native oxide of the aluminium film . The in te rfa c e  peak can be 
a ttr ib u te d  to  oxygen g e tte r in g  by aluminium during the  i n i t i a l  s tages 
o f evaporation or absorbtion of oxygen on the carbon su b s tra te .
The implanted oxygen p ro f i le s  obtained from the b ack sca tte rin g  
spec tra  (with th e ir  ind iv idual backgrounds sub tracted) a re  shown in  
f ig u res  6 .1 .3  and 6 .1 .4  fo r the molecular oxygen im plant energ ies o f 50 
and 100keV re sp ec tiv e ly . R esults for 150keV ions were not obtained 
as the oxygen and aluminium p ro f ile s  were found to  in te ra c t .
( 6 . 1 )
(6 .2 )
(6.3)
(6.4)
(6.5) 
and (6 . 6)
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Figure 6 .1 .1  : R.B.S oxygen p r o f i l e  from 50keV 0* implanted
aluminium.
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+Figure 6 . 1 .2  : R.B.S oxygen p r o f i l e  from lOOKeV 0^ implanted
aluminium.
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Figure 6 . 1 . 3  : R.B.S oxygen+p r o f i l e s  (with no backgrounds)
from 50keV 0  ^ implanted aluminium.
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Figure 6 . 1 . 4  : R.B.S oxygen p r o f i l e s  (with no backgrounds)
from lOOkeV 0 implanted aluminium.
47
As the implanted dose i s  increased , the oxygen y ie ld  (p ro f i le  
heigh t) in c reases  as shown in  f ig u re s  6 .1 .3  and 6 .1 .4 . S a tu ra tio n  of 
the oxygen y ie ld  i s  reached a t  a dose of 9x10^  atoms cm- ^, fo r the 
100keV m olecular im plant.
The p ro f i le s  broaden with increasing  atom dose up to  a c r i t i c a l  
dose and then s t a r t  to  narrow. Therefore fo r any fu rth e r  in crease  in 
the implanted atom dose beyond the c r i t i c a l  value, the implanted la y e r
1 o
becomes th in n e r. The c r i t i c a l  dose was estim ated to  be 1.8x10 oxygen 
—p *atoms cm fo r the 100keV oxygen molecular im plant.
6 .1 .2  Oxygen concentration  in  the implanted 
aluminium la y e r .
The sp ectra  obtained from room temperature. 50 and 100keV 
im plants in to  the aluminium lay e r are presented in  f ig u res  6 . 1.5 and
6 .1 .6  fo r various doses. The spectra  were, aligned w ith the
half-maximum po in t of the lead ing  edge, which defines the  aluminium 
su rface . I t  was observed th a t  as the implanted oxygen dose is  
increased , the aluminium y ie ld  in  the implanted surface la y e r
decreases. The reduction in  the aluminium y ie ld  i s  in d ic a tiv e  o f the
depth a t  which the oxygen peak occurs. The p ro f i le  near the su rface
remains f l a t  fo r implant doses g re a te r  than the sa tu ra tio n  dose.
The oxygen to  aluminium r a t io  was ca lcu la ted  using the a r e a 's  
method[67l. This i s  presented in  f ig u re  6 .1 .7 . A ll the backsca tte red  
sp ec tra  were normalised to  5pC.
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Figure 6 . 1 . 5  : R.B.S aluminium p r o f i l e s  from 50keV 0*
implanted aluminium.
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+Figure 6 . 1 . 6  : R.B.S aluminium p r o f i l e s  from lOOkeV 0^
implanted aluminium.
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6 . 1 . 7  * oxygen /  aluminium r a t io  from
backscattered spectrum versus implanted 
oxygen dose.
6 .1 .3  C a lc u la te d  oxygen c o n c e n t r a t io n  and
range data .
F igure 6 .1 .8  shows a complete energy spectrum of 1 .5MeV Helium 
ions backscattered  from an R.B.S sample implanted with 0 *  ions a t  a
The data from fig u re  6 .1 .8  are  given in  ta b le  6 .1 .1 . From fig u re
6 .1 .8  a zero th -o rder an a ly sis  allows us to  c a lcu la te  the dose, range, 
and the range d is tr ib u tio n  of oxygen in  aluminium.
We assume the oxygen p ro f i le  i s  s u ff ic ie n tly  shallow th a t  the 
surface energy approximation can be used in  ca lcu la tin g  the  stopping 
cross sec tio n  and the d if f e r e n t ia l  s c a tte r in g  cross sec tio n .
The im plantation  dose can be ca lcu la ted  from the equation 
below[35], w ith the implanted oxygen tre a te d  as a surface im purity .
The dose of oxygen i s  then,
in  agreement w ith the nominal value of the implanted dose.
The maximum concentration  of oxygen in  aluminium can be estim ated 
from the peak h e ig h t of the oxygen s ig n a l. Using the formula obtained 
from Chu e t  al[35] derived fo r  the bulk im p u rities  and data given in  
ta b le  6 .1 .1 , we have
From the area under the oxygen p ro f i le ,  the  oxygen concen tra tion  
was ca lcu la ted .
dose of 5x1 0 ^  atoms cm”^.
o . . (E ) £ox A1 o
(Nt) ox
16 -  2
6.Ax]0 atomscm . . . . ( 6 . 1 )
Nox
e 0.063 at.% . . . . ( 6 . 2 )
NA1
or Nox=3.9x101^ atoms cnf^ using NAl=6.02x1022 atoms c r r f ^ .
51
2000
Counts.
1200
400
0-15 029 0-44 059 073 0-87
Energy (MeV)
Figure 6 . 1 . 8  : R.B.S spectra  o f  a 240nm aluminium layer
implanted with lOOKeV 0* ions to a dose
16 _ 2
o f  5X10 atomscm on a carbon s u b s t r a t e .
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Data Parameters
hai - 1690 cts [e
,A1 
A1 ' 8l . l0xl015eVcm
H 38 cts u ] A '  - 82.02xl015eVcmox O X
A *= o 1005 cts 0ox/oAl * 0.3516
AE «= 70 keV K ■K 0.38^8ox ox
(F W H M ) -  ox 22.5keV kai m 0.5726
Values are for E «1.5MeVfnormal incidence with o
6-150° and C“3.09keV.
Table 6 .1 .1  : Data ex tra c te d  from f ig u r e  6 . 1 . 8  with
b a ck s ca t ter in g  parameters based on the  
Surface Energy Approximation.
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Figure 6 .1 .9  shows the v a r ia tio n  of the ca lcu la ted  oxygen 
concen tra tion  w ith the implanted oxygen dose. The amount of oxygen in 
the implanted lay e r in c reases  w ith the implanted dose and reaches a 
s a tu ra tio n .
The u n certa in ty  bars on these graphs were ca lcu la ted  from the 
standard dev ia tion  o f the mean value of the data , co lle c ted  fo r th a t  
dose.
To ob tain  a concen tra tion  p ro f i le ,  we use the stopping cross
sec tio n  fa c to r  [e , which gives an energy to  depth conversion fo r o ox
s c a tte r in g  from oxygen in  an aluminium m atrix .
The peak p o s itio n  o f the  oxygen i s  sh if te d  by AEQX=70keV below 
the surface edge, and
NA1Rp = AEo x / t e o ] ox = 8 . 5 2 6 x l o ' 7 a t  cm2 . (6 .3 )
th e re fo re  R - 141.5nm
when N ^= 6.02x10^ atoms criT^.
Where Rp i s  the p ro jec ted  range of the implanted oxygen.
The depth sca le  in  nanometres i s  more convenient than th a t  in  
atoms per square cen tim etre  but the l a t t e r  i s  usefu l fo r b ack sca tte rin g
when th e re  i s  u n certa in ty  in  the atomic den sity . I f  the im plant
d is tr ib u tio n  i s  assumed to be gaussian , the depth p ro f i le  can be 
described by a p ro jec ted  range Rp and a range s trag g lin g  ARp , which is  
the standard dev ia tion  of the gaussian d is tr ib u tio n  in  depth . The 
standard d e v ia tio n ,0 , i s  re la te d  to  the F.W.H.M of a gaussian
d is tr ib u tio n  by
F.W.H.M = 2(2 ln 2 )0 ,5xcr 
= 2.355 K«
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Figure 6 . 1 . 9  : oxygen concentrat ion  from
backscattered spectrum versus implanted 
oxygen dose.
The F.W.H.M of the energy spectrum for oxygen i s  measured to  be 
54keV. This F.W.H.M contains not only the depth d is tr ib u tio n  of the 
oxygen, but a lso  the energy re so lu tio n  of the backscattering  system and 
the  energy s trag g lin g  of the He1* ions.
The energy reso lu tio n  o f the backscattering  system i s  q u ite  
independent of the detected  energy and can be measured from the slope 
of the aluminium step  in  f ig u re  6 .1 .8 . I f  we d if f e re n t ia te  the step  
near the aluminium su rface , we ob ta in  a negative gaussian (negative 
because the  y ie ld  decreases when the  energy in c reases). The F.W.H.M of 
th is  negative gaussian i s  the energy re so lu tio n  o f the backscattering  
system. This system re so lu tio n  can a lte rn a tiv e ly  be obtained by simply 
measuring the  energy spread o f the step  from 1255 to  8855 of the step  
h e ig h t. In f ig u re  6 .1 .8 , the  energy spread of the  aluminium step  from 
12% to  88% o f the h e igh t i s  25.4keV.
The energy s trag g lin g  of He1* ions in  aluminium has not been 
measured but can be estim ated from Bohr’s theory[35] to  be about 3.0keV 
in  the  implanted reg ion . The F.W.H.M o f th is  energy s trag g lin g  i s  then 
2.355x3.0=7.0keV.
From the measured F.W.H.M o f oxygen, i t  i s  necessary to  
deconvolute the measured F.W.H.M system re so lu tio n  (25.4keV) and the 
energy s trag g lin g  (7.0keV). Since a l l  th ree  d is tr ib u tio n s  are assumed 
to  be gaussian, the  deconvolution process i s  simply a su b trac tio n  in  
quadrature:
F.W.H.MCcorrected) = [(5 4 )2- (2 5 .4 )2- (7 .0 ) 2]0 *^
= 47.14keV.
This value rep resen ts  the re a l spread of oxygen in  the energy
sc a le . I t  can be read ily  converted in to  a depth sca le  by using the 
equation below[35].
AR = F W H M( c o r r e c t e d ) / 2 . 3 5 5 N . . [ e ] A1 = 40.5nm
p  A I o  o x
Table 6 .1 .2  compares experim ental range data with th e o re tic a l
L .S .S [68] and PRAL[69] range s t a t i s t i c s .
Up to  th is  poin t our an a ly s is  has been based on the surface
energy a p p ro x im a tio n ^ ] . That i s ,  we have evaluated the stopping
cross sec tio n  [ e ]A1 a t  a surface energy E =1.5MeV.o ox o
I f  we use the mean energy approximation[35] then ,
[eo ] ox ■ Ko x e(Eln ) + ( , / c o s e 2)c(Eo u t )
To obtain  the average energies Ein  and EQut we use the symmetric 
mean energy approximation:
Ein=E0-1AAE and Eou t=E.,+1/4AE where E.,=KE0-AE
By su b s titu tin g  these energies in to  equation 6.4 f o r t e  ]A1 , weo ox
h av efc  ]A1=82.24xlO- ^eVcm2 . The new stopping cross sec tio n  fa c to r  is  o ox ^
only 0 .3% la rg e r  than [ e ]A  ^ =82.02*10"" ^ eVcm^ ca lcu la ted  from theo ox
surface energy approximation (see ta b le  6 .1 .3 ) .  Therefore, the new 
range and range s trag g lin g  w ill  be 0,3% lower than the  values obtained.
The r e s u lts  of the two analyses, one performed by the surface 
energy approximation and the o ther by the  mean energy approximation, 
a re  summarised in  ta b le  6 . 1.3 .
For a h igher-order ca lcu la tio n  th ere  can be a co rrec tio n  fo r the 
to ta l  dose of implanted oxygen atoms. In equation 6 .1 , both and 
aox are  eva^ua^e<^  a^ a surface energy Eq=1 .5 MeV.
°2 Experimental
L.S.S PRAL
Energy(keV) R (nm) AR (nm) 
P P
R (nm) AR (nm) 
P P
R (nm) AR (nm) 
P P
50 61 .7  25.8 49.2  21 .8 55 .3  25 .9
100 141.5 40.5 100.3 37 .0 107.6 42 .5
Table 6 . 1 . 2  : Experimental and t h e o r e t i c a l  range data .
Method
A1Incoming Ou tgoing  [c]  
Energy Energy _ OX _ 
(keV) (keV) (10 eVcm )
S u r f a c e  Energy 
A p p ro x im a t i o n .
Sy mmet r i c a l  
Mean Energy 
A pp ro x im a t i o n .
E *=1500 K E *=577 82 .02  o ox o
Ei n 12*82 Eo u t  -=525 82 .2 ^
Table 6 . 1 . 3  : Approximations used in the a n a ly s e s  o f  f i g u r e
6 . 1 . 8  for e values  obtained  from Chu e t  a 1C3 5 ] .
Since the  oxygen signal area A i s  d is tr ib u te d  over an energyUa
in te rv a l ,  we should evaluate  a a t  the various energ ies. I f  a fixedox
value o f a i s  to  be taken, c should be evaluated a t  E (th e  energyOX ox
immediately before  sc a tte r in g )  ra th e r  than a t  E , such th a t
E = Eo-NRp (Ein ) = 1458.7keV
The s c a tte r in g  cross sec tio n  i s  re la te d  to  energy by 
o ( E) E2
— - - -  = — f- = . . . . ( 6 . 5 )
a (E ) E2ox o
Therefore, the  to ta l  implanted dose i s  6% lower when calcu la ted  
w ith energy E than when ca lcu la ted  w ith the surface energy EQ.
6 .1 .4  Comparison o f anodized film s to  an 
implanted film .
F igure 6 .1 .1 0  shows the backscattered  p ro f i le s  obtained from 
th re e  anodized film s. A small amount of sulphur contam ination of the 
film s was d e tec ted .
The energy lo s s , (AE), was measured using the  Rutherford
b ack sca tte rin g  technique and the th ickness was evaluated by d isso lv ing  
the anodic film  (se c tio n  4.4)and using a ’T alystep ’ . R.B.S
c a lc u la tio n s  (appendix 2) agree w ell with the  Talystep th ickness
measurements. In ta b le  6 .1 .4 , the r e s u l ts  obtained from the spectra  
( f ig u re  6 .1 .10 ) a re  shown with the ca lcu la ted  d a ta .
Table 6 .1 .5  compares an R.B.S sample implanted with 100keV 
02+io n s, to  a dose of 2.325x10^atom s cnf^, with the th ree  anodized 
aluminium specimens.
5000 Charge = 5/jC
C o u n ts .
3000 ox
1000
0-460-31 0-77 0-930-820-15
Energy (MeV)
Figure 6 . 1 . 1 0  : R.B.S p r o f i l e s  o f  anodized bulk aluminium 
samples with various oxide  t h i c k n e s s e s .
Anod ized  f i l m LI ox * EA1 DATA— C a l c u l a t e d
(nm) (keV) (keV) (eVcm^xl 0 ^ )
a .  700 55 .8 65.1 cA , 2° 3
cA , 2 0 3(KoxEo )
- 2 2 1 . 3  
- 2 5 1 . 8 4 4
b.  1600 130.2 148.8 .A’ 2 °3 (K a 1Eo ) - 2 5 1 . 0 4 6  
- 3 7 5 . 9 6
c .  2500 198.ii 229 .4 t v > A i 2 ° 3 - 4 1 6 . 6 0
Table 6 . 1 . 4  : Comparison between a R.B.S sample implanted
18
at lOOkeV with a oxygen dose o f  2 .325*10
— 9 *atomscm and three anodized aluminium
specimens .
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Oxide t h i c k n e s s 0/A1 r a t i o 0/A1 r a t i o HA1
(nm) a r e a ' s  method h e i g h t ' s  method c o u n t s .
Anod ized a 70 1.51 1 . 58 599
f  i lms
b 160 1.40 1 .49 620
c 250 1.45 1.41 640
Im p lan t e d  
Sample .
0*,100KeV
100-130 1.47 1 .5 6 605
Table 6 . 1 . 5  *• Comparison o f  anodized samples w ith  an implanted
sample.
62
6 .1 .5  Talystep measurements.
Molecular oxygen ions were implanted in  ST-cut quartz samples 
(see f ig u re  5 .1 ) , w ith various ions,doses and implant energ ies. The 
volume o f the implanted region increases and the height ’ e ’ , o f the 
re su ltin g  s tep  a t  the boundary of th is  region has been measured.
Figure 6.1.11 shows how th is  parameter changes with normal 
in c id en t, 0^+ ion energy. The dose of ions fo r each energy being 1 0 ^  
atoms cm”^. R esults from P.Hartemann and M.Morizot[l6] a re  a lso  shown, 
where several species o f ions have been implanted in  (Y-X) q u artz . The 
dose being 10^atom s cm“^ a t  100keV.
Figure 6 .1 .12  shows the v a r ia tio n  of the height ’ e ’ , w ith oxygen 
atom dose a t  0 ^  energ ies of 50, 100 and 400keV. P.Hartemann and
M.Morizot[l6] have only measured the  dose e f fe c t of 100keV helium in to  
(Y-X) quartz and th is  i s  a lso  shown in  f ig u re  6 .1 .12 .
The sp u tte r  ra te  of quartz and the expansion of the aluminium 
a f te r  oxygen bombardment was obtained by in i t i a l ly  measuring the  he igh t 
o f the SiO^/Al s te p /b *  (see  fig u re  5 .2 ) . Height *8*, was measured 
a f te r  d isso lv ing  the implanted aluminium film  by immersing the  sample 
in  ho t sodium hydroxide. Thus the expansion of the aluminium a f te r  
bombardment was obtained by su b trac tin g  the measurement ’a ’ , and the  
i n i t i a l  heigh t of the  aluminium from the  measurement ’ b f .
From the value of ’a ’ , the  abso lu te  sp u tte r  y ie ld  fo r q uartz  was 
ca lcu la ted  fo r a l l  th ree  im plant energ ies and these are shown in  f ig u re  
6 .1 .1 3 . The expansion o f the  aluminium lay er for a l l  th re e  energ ies 
a re  shown in  f ig u re  6 .1 .1 4 . The th e o re tic a l curves a re  ca lcu la ted  on 
the simple assumption th a t  a l l  the implanted oxygen formed aluminium 
oxide (Al^O^) in  the aluminium film , with a density  in  the  range of 3 .5  
to  4.0gcm”3.
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Figure 6 .1 .11 Height ‘e ^ o f  the sw e l l in g  o f  the quartz  
implanted region shown as a fu nct ion  o f  
the inc ident  ion mass and energy.
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• Hartem ann e t  al[16]
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Figure 6 . 1 .1 2 Height ' e ' , o f  the quartz implanted su r fa c e  
versus inc ident  ion dose.
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Figure 6 . 1 . 1 3 Absolute sput ter  y i e l d  o f  quartz for  
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Figure 6 . 1 . 1 4  : Expansion o f  the aluminium layer versus
incident  oxygen dose for 50 ,100 and 150 
keV molecular oxygen ions .
6.2 Chemical and S tru c tu ra l an a ly s is -
fo r 0^+ implanted aluminium film s.
6.2.1 T.E.M in v e s tig a tio n  of c ry s ta l  s tru c tu re .
Aluminium film s were examined by e lec tro n  d if f ra c t io n  before and 
a f te r  oxygen im plan tation .
The transm ission  d if f r a c t io n  p a tte rn s  were u t i l i s e d  to  determine 
the c ry s ta l s tru c tu re . In te rp la n a r  spacing ( !d f-va lues) were obtained 
from the re la t io n  d=XL/r where r  i s  the rad ius of the d if f r a c t io n  rin g , 
L i s  the e f fe c tiv e  specimen to  p la te  d istance (75cms in  our case) 
c a lled  the camera co nstan t, and X i s  the wavelength o f the ra d ia tio n , 
0.00285nm fo r l60keV e le c tro n s . X i s  given by the expression[70] 
below,
. / x 0 .01226X (nm) — rj r _/ <-1 r
E (1+0.9788x10 E)
The e lec tro n  d if f r a c t io n  data obtained from the implanted 
aluminium th in  film s are  shown in  ta b le  6 .2 .1 .
Unbombarded aluminium film s ind ica ted  oxide 1d1, values but with 
lower ring  in te n s i t ie s .  A ll the film s were found to  be p o ly c ry s ta llin e  
before and a f te r  im plan tation .
Table 6 .2 .2  shows rin g  data obtained from a th in  (100nm) anodized 
aluminium film  l i f t e d  o f f  a carbon su b s tra te . The ta b le  shows two 
broad bands in d ic a tiv e  o f an amorphous s tru c tu re . The bands a re  formed 
by oxide l in e s  th a t  have overlapped.
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E v ap o ra t e d  a lumin ium f i l m
E xp e r i m en t a l  I d e n t i f i c a t i o n  
' d ' , v a l u e s .
2 . 67 A1
2 .2 5 ox i  de
1 .60 o x i d e
1 .36 ox i  de
1 .03 Ai
1.01 o x i d e
Table 6 .2 .1  : D i f f r a c t io n  data from implanted
aluminium f i l m s .
Anodized a lu mi n i um f i l m
E xp e r imen ta l I d e n t i f i c a t i o n
' d 1. v a l u e s .
1 . 4 2 5 -1 . 9 0 0 a i 2 o3 , ai
2 . 1 3 7 - 1 .8 1 6
A , 2°3
Table 6 . 2 . 2  : D i f f r a c t io n  data from a l i f t e d
anodized aluminium f i l m .
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6 .2 .2  X.P.S in v e s tig a tio n  fo r oxide formation 
and re c o il  im plantation.
oFigure 6.2.1 shows the aluminium spectrum produced by a 1cm 
sample co n sis tin g  of a p a tte rn  of 0.1mm aluminium squares on a fused
1 pquartz su b s tra te  implanted with 1x10 oxygen atoms cm' , a t  a ion 
energy o f 100keV. The dual peak of the aluminium signal comprises of 
m e ta llic  and oxidised aluminium fo r various oxygen doses. I t  i s  seen
th a t  the implanted oxygen slowly dep le tes the m eta llic  aluminium signal 
u n t i l  only the t r iv a le n t  aluminium signal can be detected .
The aluminium squares were then stripped  o f f  by immersing in  hot 
concentrated sodium hydroxide fo r f if te e n  minutes. The X.P.S sp ec tra  
was found to  be id e n tic a l to  the pre-etched samples except fo r the lack  
of aluminium s ig n a ls . No m e ta llic  aluminium was detected  in  the 
s trip p ed  sample, but a very small level of t r iv a le n t  aluminium was 
observed. The same r e s u l t  was a lso  obtained by im planting an id e n tic a l 
specimen to  a dose of 7x10^  atoms cnf^ with 100keV Ar+ ions.
To elim inate  the p o s s ib i l i ty  of the s trip p in g  of the aluminium 
lay e r  being incom plete. Id e n tic a l unimplanted samples were s trip p ed  in  
ho t concentrated sodium hydroxide fo r two, th ree and four m inutes. The
aluminium content was found to  be zero in a l l  cases.
The Auger param eter[71], fo r s il ic o n  was calcu la ted  in  a l l  the
above cases to  determine the possib le  change in the s i l ic o n  chonical 
s ta te .  I t s  value was found to  be 225.2eV, co n sis tan t with the SiO^ 
s ta te .
No surface contam ination of any samples was detected  p r io r  to  or 
a f te r  ion im plantation .
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Figure 6 . 2 . 2  : X.P.S r e s u l t s  from a aluminium f i l m  before  and
a f t e r  oxygen implantat ion.
69
6.3 V e rif ic a tio n  of the T rip le  Resonator technique 
S pu ttering  and S tre ss .
In troduction .
I t  is  necessary to  v e rify  the resonato r technique owing to  our 
development of the o r ig in a l experim ental technique used by
EerN isse[27].
Two m ate ria ls  were chosen fo r in v e s tig a tin g  the e f f e c ts  o f ion 
dose on the sp u tte rin g  y ie ld  and s t r e s s  of th in  film s;
(1) Gold, where a considerab le  body o f sp u tte r in g  data 
ex ists[72-79] and we do not expect r e s u l ts  to  be 
complicated by the ex istance of a surface oxide, 
and (2) Germanium, to  rep resen t covalen tly  bonded 
semiconductors.
Data on sp u tte rin g  y ie ld [8 0 ,8 l]  and topographic 
e ffec ts [8 2 ] a re  read ily  a v a ila b le .
Both s e ts  of r e s u l ts  a re  used to  dem onstrate the  r e l i a b i l i t y  o f 
the t r i p l e  resonator technique in  in te rp re tin g  the presence o f surface  
e f fe c ts .
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6.3 .1  Gold r e s u l ts .
R esults fo r 50keV Ar+ ions implanted in to  p o ly c ry s ta llin e  Au a t  a 
to ta l  sample ion cu rren t density  of 1|jAcm”2 are presented in  tab le
6.3 .1  as raw frequency s h i f t  data and shown, versus argon dose in 
f ig u re  6 .3 .1  fo r AT and BT-cut quartz c ry s ta ls .  Figure 6 .3 .2  shows the 
change in a rea l mass density  in  gem on the  surface o f the quartz 
resonator versus argon dose.
The accumulated in teg ra te d  l a t e r a l  s tr e s s  and the sp u tte r in g  
y ie ld  ca lcu la ted  from the raw frequency s h if ts  are  l i s t e d  in  ta b le  
6 .3 .1 . F igures 6 .3 .3  and 6 .3 .4  show the v a r ia tio n  in  sp u tte r  y ie ld  and
the l a t e r a l  s tr e s s  with argon dose. The sp u tte r  y ie ld  slowly
—1 H i - ?dim inishes, being 22 atoms ion a t  a dose of 5x10 ions cm to  17
atoms ion” * a t  a dose of 6 .5 x 1 0 ^  ions cm”2 . The magnitude o f the
la te r a l  s tr e s s  (f ig u re  6 .3 .4 ) i s  very low, but appears to  peak a t  a
dose o f around 4x10^ ions cm”2 .
Examination with X.P.S and e lec tro n  microprobe showed no evidence 
of argon loading of the Au su rface . T.E.M an a ly s is  of th in  evaporated 
Au film s, l i f t e d  o f f  NaCl c ry s ta ls  showed th a t  the Au remained 
p o ly c ry s ta llin e  a f te r  bombardment. P la te s  6.3.1 and 6 .3 .2  show the Au 
su rface  topography, observed in  a Cambridge Joel S250, o f the Au film  
before and a f te r  bombardment, no gross changes were observed.
A backsputtered d eposit of Au from the quartz reso n a to rs  was 
observed on the back of the c ry s ta l  defin ing  ap e rtu re  ( f ig u re  1.3) . 
This i s  shown in  p la te  6 .3 .3 .
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Argon dose 
(10” ions cm)
Accumulated
A flA T]
(H ertz)
Accumulated
AffBTJ
(Hertz)
S p u t te r  
Yield 
(atoms ion*)
L atera l 
S t r e s s  
(10*dyne cm')
0 -5 2 9 7 1 9 9 2 2 - 0 - 0 4
1 0 5 9 0 3 9 8 2 2 - 0 - 1 2
2 - 0 1 1 2 3 7 6 3 2 1 - 0 - 2 9
5-0 2 7 3 1 1 8 8 4 20- 3 - 1 . 1 0
1 0 - 0 5 3 5 4 3 7 3 5 1 9 - 9 ” 2 - 7 2
15 - 0 7 9 5 6 5 5 4 6 1 9 - 7 - 3 - 9 8
2 0 0 1 0 5  0 4 7 3 0 3 1 9 - 5 - 5  0 0
2 5 - 5 1 2 9 4 0 9 0 0 4 1 8 - 9 - 6  - 2 6
3 1 - 0 1 5 5  91 1 0 7 9 7 1 8  7 - 6  - 8 6
3 5 - 0 1 7 4 8 2 1 2 0 5 3 1 8 - 6 - 6 - 9 7
3 9 - 0 1 9 3 4 5 1 3 2 8 0 1 8 - 5 - 6  9 5
4 5 - 0 2 2  0 5 5 1 5 0 4 6 1 8 - 2 - 6  - 6 6
5 1 - 0 2 4 6  8 0 1 67  3 6 1 8 - 0 - 6 - 1 1
5 5 - 0 2 6 3 9 8 1 7 8 1 7 1 7 - 9 - 5  - 42
6 1 - 0 2 8 9 2 7 1 9 3 4 9 1 7 - 6 -3 - 60
6 5 - 0 3 0 5 6 0 2 0 3 4 6 1 7 - 5 - 2 - 5 3
Table 6.3»1 • Measurement o f  s p ut ter in g  y i e l d  and in tegra ted
la t e r a l  s t r e s s  for 50keV Ar+on Au us ing  the  
t r i p l e  resonator technique.
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Figure 6.3*1 : Argon bombardment o f  gold;
Frequency s h i f t  versus argon dose.
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Figure 6.3*2 : Argon bombardment o f  gold;
Areal mass change versus argon dose .
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Figure 6 . 3 . 3  : Argon bombardment o f  gold;
Sputter y i e l d  versus argon dose .
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TARGET : Au 
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Figure 6 . 3 . A : Argon bombardment o f  gold;
Accumulated la ter a l  s t r e s s  versus argon dose.
2 0 K V
P la te  6 .3 .1  Gold la y e r  ; as deposited
P la te  6 .3 .2  Gold la y e r  ; a f te r  50keV, 6.5x1016 Ar+ atoms cm"2 .
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0  10 2 0 m m
P la te  6 .3 .3  C rystal defin ing  ap e rtu re  ; showing a 
backsputtered gold dep o sit.
6 .3 .2  Germanium r e s u l t s .
R esults fo r 100keV Ar+ ions implanted in to  amorphous Ge a t  a
- Pto ta l  sample ion cu rren t density  of 1 .5pAcm are  presented in  tab le
6 .3 .2  as raw frequency s h i f t  d a ta , and a re  shown, versus argon ion dose 
in f ig u re  6 .3 .5 .
F igure 6 .3 .6  shows the change in  Ge a rea l mass d en sity . The 
accumulated in teg ra te d  l a t e r a l  s tr e s s  and the s p u tte r  y ie ld  a re  a lso  
l i s te d  in  ta b le  6 .3 .2  and shown as a function  of argon ion dose in 
f ig u res  6 .3 .7  and 6 .3 .8 . F igure 6 .3 .7  i s  seen to  c o n s is t of th ree  
reg io n s. I n i t i a l l y  the s p u tte r  y ie ld  r is e s  to  3 .7  atoms ion a t  a 
dose of 1 0 ^  argon ions cm""2 . In d ic a tin g  e ith e r  a v as t change in 
m ateria l composition due to  loading of the  su b s tra te  with implanted 
argon or more probably the removal of a surface oxide w ith a low 
sp u tte r in g  y ie ld . The second region in  f ig u re  6 .3 .7  r is e s  slowly from 
3.7 atoms ion"^ a t  a dose of 1 0 ^  argon ions cnT2 but w ith a la rge  
s c a t te r  of sp u tte r  y ie ld  r e s u l t s .  This could be the combination of 
argon loading and a change in  surface topography. The f in a l  region
beyond 4.4 atoms ion“  ^ a t  5 * 1 0 ^  argon ions cm""2 shows a sp u tte r  y ie ld
-1 17 -2smoothly increasing  to  4 .6  atoms ion a t  3 xlO 1 argon ions cm .
F igure 6 .3 .8  shows the  l in e a r  in crease  of the  l a t e r a l  s tr e s s  w ith 
the  increase  in  argon dose fo r doses above 10 argon ions cm"" . This 
i s  in d ic a tiv e  of in c id en t argon ions loading[27] the  su b s tra te . At
1 f\ 0doses le s s  than 10 argon ions cm"" th e  l a te r a l  s tr e s s  shows a 
re la x a tio n , c o n s is ta n t w ith the removal of an oxide surface la y e r . 
T.E.M re s u l ts  a re  shown in  p la te s  6 .3 .4  to  6 .3 .6 . The s tru c tu re  ,
before and a f te r  argon bombardment of the  Ge film  was found to  be 
semi-amorphous as can be seen from the  d if f r a c t io n  p a tte rn (p la te
6 .3 .4 ) .
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Argon dose 
(10" ions cm)
Accumulated 
Af [AT] 
(Herhz)
Accumulated
Af l BT]
(H ertz)
S p u t te r  
Yield 
(atoms ion*)
L a te ra l  
S t r e s s  
(10*dyne cm')
1-5 7 31 1-9 - 0 - 3 6
5-0 1 4 7 1 5 4 3- 9 - 0 -7 5
1 0 - 0 3 5 0 3 1 0 4 -2 - 1 - 0 3
2 0 0 7 2 9 6 3 4 4 - 3 - 2 -0 3
32*0 11 4 6 1 0 1  3 4 - 3 - 3- 41
4 0 0 1 5 9 6 1 3 0 9 4 - 6 - 3 - 4 2
50-0 1 8 5 6 1 5 9 5 4 - 4 - 4  -93
70-0 2 6 3 4 2 3 1 0 4 - 5 - 7 - 6 0
90- 0 3 3 4 2 2 9 7 0 4 - 5 - 1 0 - 1 6
1 0 0 - 0 3 7 4 0 3 3 1 1 4 - 5 - 1 1  - 20
1 3 0 - 0 4 8 6 9 4 3 2 9 4 - 5 - 1 4 -83
1 8 0 - 0 6 7 6 5 6 0 1 9 4 - 5 - 2 0 - 6 6
2 0 0 - 0 7 5 5 3 6 7 1 5 4 - 5 - 2 2 - 9 9
2 4 0 -0 91 3 9 81  5 9 4 - 6 - 2 8 - 2 7
2 8 0 -0 1 0 6  92 9 5 6 3 4 - 6 - 3 3 - 3 1
3 00-0 11 4 3 3 10  2 51 4 - 6 - 3 5 - 9 5
Table 6 . 3 . 2  : Measurement o f  sp u t ter in g  y i e l d  and in tegra te d
la te r a l  s t r e s s  for lOOkeV Ar+on Ge using the  
t r i p l e  resonator technique.
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Figure 6 . 3 . 5  ’ Argon bombardment o f  germanium;
Frequency s h i f t  versus argon dose .
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Figure 6 . 3 . 6  : Argon bombardment o f  germanium;
Areal mass change versus  argon dose .
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Figure 6 . 3 . 7  • Argon bombardment o f  germanium;
Sputter y i e l d  versus argon dose.
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Figure 6.3*8 : Argon bombardment o f  germanium;
Accumulated la te r a l  s t r e s s  versus argon dose.
Argon bubbles in  the  Ge film  were observed above an argon dose of 
3 * 1 0 ^  argon ions c n f^ (p la te  6 .3 .6 ) .  Some s tru c tu re  seen in  the T.E.M 
micrographs (p la te s  6 .3 .5  and 6 .3 .6 ) was due to  the cleaved NaCl 
su b s tra te .
F igure 6 .3 .9  shows the spectrum obtained from E .P .S(E lectron
Probe Spectroscopy) measurements ca rried  out on the Ge coated quartz
c ry s ta l  su rfaces, before and a f te r  im planting. I t  is  seen th a t  a f te r
im p lan ta tion , argon i s  detec ted  in  the Ge su rface . The v a r ia tio n  and
s a tu ra tio n  in  de tec ted  argon counts by the probe with the implanted
argon dose in  bulk Ge samples i s  shown in  f ig u re  6 .3 .10 . The detected
17 —Pargon counts were found to  s a tu ra te  a t  an argon dose of 10 ' ions cm . 
X.P.S(X-ray P ho to -elec tron  Spectroscopy) r e s u l ts  ind icated  the  absence 
o f surface contaim ination . F igure 6.3.11 dem onstrates, using X.P.S, 
the presence o f a surface  oxide (GeO^) from the chemical s h i f t  of the 
Ge peak. A sm all tra c e  of argon was a lso  detected in  the Ge su rface . 
Angular X.P.S showed th a t  the  oxide la y e r  on the germanium surface  was 
depleted  o f argon. P la te s  6 .3 .7  and 6 .3 .8  shows the S.E.M micrographs 
o f the Ge surface  obtained, before and a f te r  bombardment. The 
smoothing in  topography a f te r  argon bombardment can be c le a r ly  seen. 
This i s  markedly d i f f e r e n t  to  the  case fo r Au film s where l i t t l e  change 
can be detected  , i f  anything th ere  i s  a s lig h t  trend towards a 
roughening o f the su rface .
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Plate 6.3.^ Diffraction pattern for an implanted Ge film, 
(unimplanted films were identical)
Plate 6.3.5 T.E.M micrograph of an unimplanted Ge film. 
maglOOK.
Plate 6.3.6 T.E.M micrograph of a argon implanted Ge film. 
maglOOK.
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Figure 6 . 3 . 9  : Argon bombardment o f  germanium;
Electron microprobe a n a ly s i s  before  
and a f t e r  ion implantation.
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Figure 6 .3 .11  : Argon bombardment o f  germanium;
X.P.S spectrum for germanium (Ge 3d) .
P la te  6 .3 .7  Germanium lay e r; as deposited
P la te  6 .3 .8  Germanium lay e r; a f te r  100keV ,3 * 1 0 ^
Ar+ atoms cm .
6 .4  Trapped io n s  and S t r e s s -
oxygen implanted in to  aluminium.
This sec tion  deals with the re s u l ts  obtained from the t r i p l e  
resonator technique for O^ 4" im plants in to  aluminium. The aluminium was 
evaporated onto the resonator surface with a th ickness of 700nm±5nm.
The dose dependence of the frequency s h i f t  data obtained from the 
t r i p l e  resonator technique are  shown in  f ig u re s  6.4.1 and 6 .4 .2  fo r 
implant energies of 50, 100 and 150keV .
The th e o re tic a l l in e s  in  the above f ig u re s  were ca lcu la ted  
assuming th a t  a l l  the oxygen in c id en t on the aluminium film  was 
re ta in ed  and th a t  no sp u tte rin g  took p lace .
Frequency s h i f t  r e s u l ts  fo r 50keV O^4" in to  aluminium ( f ig u re
17 —26 .4 .1 ) follow theory up to  a dose o f 4.5x10 oxygen atoms cm and
then the frequency tends to  a constant value. Both r e s u l ts  fo r  100keV
and 150keV 0^+ im plants, in d ica te  a la rg e r  frequency s h i f t  than
pred ic ted  in  theory. These re s u l ts  a re  used to  p lo t  f ig u re  6 .4 .3  where
the a rea l mass density  has been ca lcu la ted  fo r  a l l  th ree  energ ies from
the resonator theory. Again the 100keV and 150keV r e s u l ts  show a
la rg e r  than expected increase  in  detected  a re a l mass change.
The la te r a l  s tr e s s  as measured in  the resonator param eter, 
AS(dyne cm ) for a l l  th ree  oxygen energ ies i s  shown in  f ig u re  6 .4 .4 .
P la te  6.4.1 shows the re la t iv e ly  smooth quartz c ry s ta l  su rface  
a f te r  evaporation of aluminium, while p la te  6 .4 .2  d isp lay s  the  f ib ro u s  
surface obtained a f te r  oxygen bombardment. This topography i s  seen a t  
a l l  th ree  ion energ ies. Surface expansion due to  oxide form ation 
appears to be the major cause fo r the change in topography.
A dditional work concerned with the in v e s tig a tio n  of the  s t r e s s  
e f fe c t  of argon loading the aluminium lay er using the t r i p l e  resonato r
91
technique is  shown in  Appendix 1. The re s u l ts  of th is  work were found 
to  co n tra d ic t previous work of s tre s s  re la te d  to  Kr+ loading of a Au 
su b s tra te  performed by EerN isse[27J.
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Figure 6 .4 .1  : Oxygen bombardment o f  aluminium;
Frequency s h i f t  versus oxygen dose.
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Figure 6 . ^ .3  : Oxygen bombardment o f  aluminium;
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Figure 6 . 4 . 4  : Oxygen bombardment o f  aluminium;
Accumulated la t e r a l  s t r e s s  versus
oxygen dose.
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P la te  6 .4 .1  Aluminium lay e r ; as deposited .
P la te  6 .4 .2  Aluminium lay e r ; a f t e r  100keV 0^+ ions
(4x10^  oxygen atoms cm-2 ) .
6.5 The e f fe c t  of 0g+ bombardment a t  the Al/SiCt, in te rfa c e .
S.E.M observations.
Grid p a tte rn  aluminium film s (300nm) were evaporated onto fused 
quartz specimens. These were coated with a layer of spu ttered  gold 
(<10nm) to  prevent the bu ild  up o f charge on the exposed quartz surface 
in  the e le c tro n  microscope.
Oxygen bombarded specimens displayed b l i s te r s  in  the t r a n s i t io n  
region between the aluminium and the fused q u artz . This i s  shown as 
areas ’a f ,and Tb f in  p la te s  6.5.1 and 6 .5 .2 . Area fa f , i s  the edge of 
the  aluminium film  and ’b T, i s  s i l i c a  o r ig in a lly  below the aluminium 
film  but now exposed by la te r a l  sp u tte r  e tch ing .
Unimplanted aluminium showed no v is ib le  topography a t  a l l ,  but 
a f te r  oxygen im plan tation  i t  was noted th a t  the surface developed 
nodules w ith a mean diam eter o f I80nm±80nm. This area i s  shown as area 
’c ' ,  in  the above p la te s  . Any surface scra tch es in the fused s i l i c a  
a lso  took various su rface  forms a f te r  im plantation  (see region ’d 1)- 
One o f these  sc ra tch es  provided a quartz marker fo r an edge so th a t  the 
area  of in te r e s t  could be s trip p ed  and re in v e s tig a te d . This technique 
i s  shown as a montage in  p la te  6 .5 .3 . The surface tex tu re  can be seen 
to  in crease  w ith bubble proxim ity in  the b lis te re d  area .
Various su b s tra te  combinations were in v estig a ted  and th is  i s  
shown in  ta b le  6 .5 .1 .
While ta b le  6 .5 .2 , shows the d is tr ib u tio n  o f b l i s te r s  with 
d if f e re n t  aluminium th icknesses and oxygen ion energy. The d if f e re n t  
evaporated aluminium lay e rs  were obtained by ca re fu l monitoring o f a 
c ry s ta l  resonato r during dep o sitio n .
P la te s  6 .5 .4  and 6 .5 .5  dem onstrate v isu a lly  the  d ra s tic  e f fe c t
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of varying the aluminium th ickness has on the b l i s t e r  d en s ity . When 
the oxygen range co incides w ith the th ickness of the aluminium lay e r, 
b l i s t e r s  a re  seen over the e n t ire  aluminium surface.
P la te  6 .5 .6  shows a p a r t ia l ly  d efo lia te d  3pm rad ius b l i s t e r .  
This la rg e r  b l i s t e r  can be seen to  be a coalescence of sm aller bubbles, 
as described in  sec tio n  3-1 • rup tu re  seems l ik e ly  to  have
o rig in a ted  as described in  fig u re  3.2 (sec tio n  3.1) fo r no side 
rup tu ring  was ever observed.
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quartz.
P la te  6 .5 .1  Aluminium(BOOnm) s tep  on fused quartz  a f te r  
bombardment w ith 100keV 0^+ ions
(4x10^  oxygen atoms cnf2) .
aluminium film.
 -top edge
bottom edge
P la te  6 .5 .2  Continuation of the  above s tep .
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Plate 6.5.3 A aluminium-quartz edge,before and after stripping.
\
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Film and s u b s t r a t e .
bl  i s t e r i n g
0 ,  Ar 
2 . IB _7 
( l0DkeVf l*10  ionscm )
AT on SiO^ Yes Yes
A1 on Si Yes Yes
A1 on C Yes Yes
A1 on AT No No
Au on C messy e d g e s .
edges  1mm 
above  SiO^ No No
Table 6.5*1 : Material composit ion i n v e s t i g a t i o n  o f
edge b l i s t e r i n g .
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Table 6,5*2 B l i s t e r  d i s t r i b u t i o n  with  aluminium 
thi  c k n e s s e s .
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quartz 
\
substrate,
aluminium
(l4lnm)
film.
P la te  6 .5 .4  Al(141nm) on quartz bombarded with 150keV 
C>2+ ions (4x10 ' oxygen atoms cm ) .
film,
P la te  6 .5 .5  Al(61.3nm) on quartz  bombarded with 150keV 
0p+ ions (4x10 ' oxygen atoms cm ) .
q u a r t z  
s u b s t r a t e .
aluminium
(6l.3nm)
{ ■ c "  i * * r  s
4 ^  . i y  K:  r  t-
i  * |  *  a. r-m •
*  • " DO :..C0D ^ ? 7 : f O  -OF , 2 " D I
io 4
P la te  6 .5 .6  Al(141nm) on quartz bombarded with 150keV 0^+ 
ions (4x10^  oxygen atoms crrf ^ ) .
The S.E.M micrograph shows a ruptured b l i s t e r  
made up o f a coalescence of sm aller bubbles.
6.6 S.A.W measurements-
0o+ implanted S.A.W resonato r.
This section  deals w ith the change in frequency response of a 
S.A.W resonator a f te r  various 0^+ doses a t  an implant energy of 50keV.
The measurements were obtained as explained in  sec tio n  5 .5 . The 
r e s u l ts  are  shown in ta b le  6.6.1 and a typ ica l frequency response 
spec tra  i s  shown in p la te  6 .6 .1 .
From ta b le  6 .6 .1 , the  in se rtio n  lo s s  i s  seen to  d e te r io ra te  from 
2dB to-6.5dB a f te r  a oxygen dose of 1 0 ^  atoms cm”^. The 3dB bandwidth 
i s  r e la t iv e ly  constan t f lu c tu a tin g  s l ig h tly  around a median of 46kHz.
As the implanted oxygen dose i s  increased the resonant frequency
1 f si s  found to increase by 81 kHz, a f te r  a oxygen dose of 4x10 
atoms criT^, and then f a l l  by 526kHz to  resonate a t  149.4445MHz a f te r  a 
to ta l  oxygen dose of 3x10^ atoms crrf^. This frequency change i s  shown 
in  f ig u re  6.6.1 with e a r l ie r  r e s u l ts  from James and W ilson[3l.
The side lobes on the frequency response of the  device was found 
to  increase by 10%, changing s lig h tly  each time the in se r tio n  lo s s  
d e te r io ra te d .
106
*D
i n
oo \ jD
X>
VO
o
C O
CTi
cn cn c n cn c n
*o
>
Cn
+  CM
VO o
o
o<t o oo
Table 6 .6 .1  *• Resul ts  obta ined  from a S.A.W resonator
implanted with  50KeV molecular oxygen io n s .
p la te  6 .6 .1  Typical frequency response from 
pnimplanted S.A.W reso n a to r.
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+200
Af (KHz)
200
4 Present work(oxygen bombardment).
|S .Jam es  and I .H.Wilson[3](argon bombardment)
■400
5 2 5 22 ,16 i'?
Oxygen dose (atoms cm2)
Figure 6 .6 .1  : Oxygen bombardment o f  a S.A.W d ev ic e ;
Frequency s h i f t  versus oxygen dose.
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CHAPTER 7 D is c u s s io n s  and C onc lus ions .
7.1 Physical and Chemical e f fe c ts  of the 
implanted oxygen ion.
During oxygen bombardment the c ry s ta l l in e  quartz s u b s tra te  was 
observed to  swell ( f ig u re  6 .1 .12) fo r a l l  oxygen ion en erg ies . This 
sw elling i s  due to am orph isa tion [l6 ]. The density  o f quartz  being 17% 
higher than th a t  of amorphous s i l i c a .  This lowering o f m ateria l 
density  w ill  thus m anifest i t s e l f  as a sw elling . For oxygen the curve 
of quartz sw elling versus ion energy (f ig u re  6 .1 .11) i s  a s t r a ig h t  l in e  
and the sw elling ’ e ’ , may be considered as a function  o f the  form,
e = A(R +2AR )
where R i s  the pro jected  range
AR^  i s  the standard dev ia tion  
and Ap i s  a constan t.
’A1 ,fo r  our case oxygen, has a ca lcu la ted  value of 0 .114.
The in s e n s i t iv i ty  of the sw elling , ’e ’ , to  oxygen atom dose
(fig u re  6 .1 .12) i s  due to  sa tu ra tio n  of damage a t  a dose lower than the
14 -2lowest value measured; 3x10 ions cm . Some evidence o f the  f in a l  
stages of damage sa tu ra tio n  can be seen fo r  the two h igher en erg ies .
The dramatic dose e f fe c t observed by Hartemann and M orizot[l6] i s  
due to  the high penetra tion  depth of helium ions in  q uartz  r e s u lt in g  in  
fewer displacement c o ll is io n s  per u n it  depth, and th e re fo re  a lower 
ra te  of damage accumulation per u n it  volume.
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The ta b le  below, from fig u re  6 .1 .1 3 , shows the ab so lu te  sp u tte r  
y ie ld  fo r quartz fo r th ree  molecular oxygen im plant en erg ies .
0*Energy Sputter y i e ld
(keV) o f  quartz.
50 0.13
100 0.08
150 0.05
The aluminium lay e r was a lso  observed to  sw ell fo r  a l l  th ree
oxygen atom energ ies. This expansion i s  independent of ion energy. We
suggest th a t  the expansion r e s u l ts  from the  c re a tio n  o f Al^O^ and i s
dependent only on the  amount of oxygen implanted and i s  th e re fo re
independent of depth and p ro f i le .  The discrepancy between experim ental
and th e o re tic a l p o in ts  in fig u re  6 .1 .14  can be a t t r ib u te d  to  surface
roughness or to  a lower density  in  the case of the  la y e r  formed by ion
im plantation  compared to  th a t  of c ry s ta l l in e  Al^O^. Data fo r doses 
1 ft pabove 10 atoms cm seem to  show evidence o f s a tu ra tio n  due to
surface sp u tte r in g . The ta ly s te p  r e s u l ts  o f f ig u re  6 .1 .1 4 , th e re fo re  
seem co n s is te n t with the growth of s to ich io m etric  Al^O^.
From fig u re  6 .1 .4  i t  can be seen th a t  as the im planted oxygen 
dose i s  increased , the  y ie ld  (p ro f ile  heigh t) in c rea se s . The measured 
oxygen area and the ca lcu la ted  oxygen concen tra tion  in  the  implanted 
lay e r both increase w ith dose and s a tu ra te  when a s to ich io m e tric  
surface lay e r i s  formed. The reduction  in  lay e r th ick n ess  fo r high 
doses i s  due to  su rface  sp u tte rin g . I t  was observed th a t  as the 
implanted oxygen dose i s  increased, the  aluminium y ie ld  in  the
implanted surface lay e r decreases. The d ip  in  the aluminium y ie ld  i s  
in d ica tiv e  of the depth a t  which the oxygen peak occurs. The p ro f i le
near the surface becomes f l a t  fo r im plant doses g re a te r  than the
sa tu ra tio n  dose. From fig u re  6 .1 .7  i t  can be seen th a t  the
sto ich io m etric  r a t io  of 1.5 ( ie  A l ^ )  was not exceeded and th a t  A^O^
1 ft —?i s  formed a t  a dose of 1.2*10 atoms cm fo r a molecular oxygen 
energy o f 100keV.
The computed experim ental range and standard dev ia tion  values are 
la rg e r  than the L.S.S s t a t i s t i c s  by 9% to  41% and the PRAL s t a t i s t i c s  
by 4.7% to  31.5% ( ta b le  6 .1 .2 ) .  The computed PRAL s t a t i s t i c s  can be 
seen to  give a s lig h tly  b e t te r  f i t  to  the experim ental d a ta . These 
d iscrepancies  can be a ttr ib u te d  to  the inaccuracy of the range th eo rie s  
fo r l ig h t  ions and possibly  enhanced p en e tra tio n  due to  the phase 
s tru c tu re  of the film s. A nalysis performed by the  surface energy 
approximation and by the mean energy approximation y ie ld  values of 
range and range s trag g lin g  th a t  are  3% lower in  the case of the mean 
energy approximation (due to  the stopping cross sec tion  fac to r  being 3% 
la rg e r ) .  We conclude th a t  fo r 100keV 0^+ the surface energy 
approximation i s  adequate fo r th is  an a ly s is  of depth d is tr ib u tio n s  
s ince AE i s  small compared to  E and e changes very l i t t l e  over AE.
Table 6 .1 .5  shows th a t  th ere  i s  good agreement with R.B.S 
p ro f i le s  obtained from anodized and implanted samples. The a re a ’ s and 
h e ig h t’s method[67] are  in good agreement. The p ro f i le  heigh t o f the 
su rface  aluminium (H ^  in  f ig u re  6 .1 .10) i s  a good in d ica tio n  th a t  the 
oxygen concentration  in  the implanted and anodized film s has sa tu ra ted  
to  the same le v e l.
A small trace  of sulphur trapped in  the oxide l a t t i c e  o f the 
anodized samples was detected  on the R.B.S spectra  (f ig u re  6 .1 .1 0 ) . 
This i s  due to d isa sso c ia tio n  of H^SO^: l ib e ra tio n  of S02 and atomic
oxygen a t  the anode.
7.2 The nature of the implanted oxide.
The T.E.M re s u lts  fo r the oxygen im plantation were d i f f i c u l t  to 
quantify  owing to  the ir re g u la r  granular nature of the implanted lay er 
and i t s  g rea te r than optimum sample th ickness (200nm). However they do 
demonstrate th a t, un like the amorphous anodic oxide film s, a 
p o ly c ry s ta llin e  oxide is  formed. This i s  in co n trad ic tio n  to  e a r l ie r  
re su l ts [8 3 l .  Recent r e s u l ts  on the im plantation of a-Al^O^ s in g le  
c ry sta ls [8 4 ] in d ic a te  th a t  A l ^  i s  not turned amorphous by 
im plantation of 10^cm“^ Cr to depths of 0.1um and amorphous lay e rs  can 
be produced in  c ry s ta l l in e  Al^O^ under two im plantation co n d itio n s[8 5 ].
At re la tiv e ly  low doses (<5*10^  atoms cm- ^ ), an amorphous lay er 
can be formed i f  im plantation  i s  done a t  liq u id  n itrogen  tem perature 
and a t  room tem perature where much higher doses (> 1 0 ^  atoms cm”^) are  
necessary to  form the amorphous phase. I t  would th e re fo re  appear th a t  
the c ry s ta l s tru c tu re  of Al^O^ i s  s ta b le  under ion bombardment, in  our 
case.
From the X.P.S spec tra  i t  was found th a t  the implanted oxygen 
slowly dep le tes the m e ta llic  aluminium u n t i l  only the t r iv a le n t  
aluminium can be detected . A fter 2 minutes of sp u tte r  etching o f the 
h ighest dose sample with 3K.V argon atom s,the X.P.S spectrum continued 
to  in d ica te  the presence of t r iv a le n t  aluminium only.
The d e tec tion  of t r iv a le n t  aluminium in  the surface of aluminium 
strip p ed  specimens provided evidence of possib le  surface d iffu s io n  and 
knock-on im plantation of atoms from the deposited aluminium regions.
The s ta te  of s il ic o n  in  the quartz was monitored v ia the  Auger 
param eter[71] and was found to  be undeviating from 225.2eV which is  
c o n s is ten t with SiO^.
The s tripped  quartz a f te r  X.P.S ir r a d ia t io n  was found to  be
coloured l ig h t  purp le . This i s  due to  the fa c t  th a t  X-rays may cause 
c lea r  quartz to  become smoky[86]. The co louration  was found to  
disappear a f te r  heating  the sample to  500°C.
7 .3  S p u t t e r in g  and S t r e s s
7.3.1 The r e s u l ts  fo r Au film s.
The ta b le  below compares the present work on argon sp u tte r in g  of 
gold with those of o ther workers.
Sputter Y ield,S ,
Energy(keV)
Dose
small la rge
Present work 50 22 17
J.F .S ing le ton [72 ] 50 19
Sigmund[73] (Theory) 45 14.5
Nenadovic e t  a l[74] 50 12.5
Colligon and P a te l[75] 38 12.3
Andersen and Bay[76] 45 17 11.5
Alm£n and Bruce[77] 45 10.2
EerNisse[78] 45 5.8 7.2
Oliva F lo rio  e t  a l[79] 45 12.5 9
The 's m a ll1, and 'l a r g e ' ,  doses re fe rred  to  in  connection with 
the above are in  the region of 1 0 ^ - 1 0 ^  ions cm~  ^ and 1 0 ^ - 1 0 ^
_ p
ions cm re sp e c tiv e ly .
The r e s u l ts  show th a t  the p resent work gives higher values of 
y ie ld  than any o ther ex p erim en ta lis ts . In a l l  the experim ental r e s u l ts  
used fo r  comparison the y ie ld  i s  ca lcu la ted  by measuring the  weight 
lo ss  of the ta rg e t  although Nenadovic e t  al[74] supported th e i r  r e s u l ts  
w ith a p a ra l le l  measurement of co llec ted  d ep o sits  using 
spectrophotom etry. The weight change due to  implanted ions i s  allowed 
fo r but there  i s  an e rro r  due to  re f le c tio n  of bombarding ions. This 
problem has been considered by Andersen and Bay[76] using r e f le c t io n  
c o e f f ic ie n ts  measured by B ^ ttig e r e t  al[87] and they find  th a t  the  
e rro r  in S i s  le s s  than in  a l l  cases where S i s  g re a te r  than u n ity .
Andersen and Bay use a term M^ /M2 to co rrec t for the mass of the 
inc iden t ions where and M2 are the atomic weights of the ion and the 
ta rg e t  m ateria l re spec tive ly .  The term M^ /M^  i s  added to  th e i r  
r e la t io n sh ip  for spu tte r ing  y ie ld  so i t  i s  not s ig n if ic a n t  i f  the ions 
are  much l ig h te r  than the ta rg e t  atoms which is  true  of the s i tu a t io n  
under d iscuss ion .
I t  i s  q u i te  unlikely  th a t  the y ie lds  measured in  the p resen t work 
are high owing to  the i n i t i a l  s ta r t in g  m ateria l.  Andersen and Bay[76] 
and Oliva F lo rio  e t  a l [791 u t i l i s e d  evaporated Au film s and obtained 
r e s u l t s  in  good agreement with us. The other workers used Au f o i l s  and 
obtained much lower spu tte r  y ie ld  values. The exceptions are  
Singleton[72] (h is  values of y ield  by ac tiv a t io n  ana lys is  of spu ttered  
Au deposits  of Au f o i l s  are in good agreement with the p resen t work) 
and Colligon and P a te l [75] (ex trapo la tion  of th e i r  s p u tte r  y ie ld  with 
energy to  50keV gives a spu tte r  y ie ld  of around 15-16).
Neutral components in  the ion beam in our case were l e s s  than \% 
as confirmed by measurements carried  out on the University of Surrey, 
500keV ion implanter using calorim etry[88].
A fu r th e r  influence on the spu tte r  y ie ld  which i s  e sp ec ia lly  
apparent a t  high doses w i l l  be the development of surface topographical 
fe a tu re s ,  an e f fe c t  which Andersen and Bay have suggested as a possib le  
cause of discrepancy between th e i r  work and th a t  of EerNisse[78]. As
S.E.M observations have shown, no gross e f fe c ts  were observed in  the 
p resen t work.
Only EerNisse’ s e a r l i e r  resu lts[27]  in d ica te  th a t  sp u tte r in g  
y ie ld s  of Au increase with higher ion doses. While the work of 
Andersen and Bay and Oliva F lo rio  e t  al agree with the p resen t find ings  
th a t  the sp u tte r  y ie ld  decreases with increasing  argon dose. As no
argon was detected in  the bombarded Au by X.P.S an a ly s is  we must look 
elsewhere to explain the decrease in spu tter  y ie ld  with increasing  ion 
dose. We propose th a t  th i s  a r ise s  from the v a r ia t io n  of spu tte r ing  
yield  with c ry s ta l  o r ie n ta tio n .  Those grains orien ted  favourably for 
spu tte r ing  would be p re fe re n t ia l ly  eroded and so would tend to  diminish 
in  surface area leading to  a gradual predominance of lower sp u tte r in g  
y ie ld  g ra ins.
The kink in  the sp u tte r  y ie ld  graph, f igu re  6 .3 .3 ,  a t  an argon 
dose of 2.25x10*^ ions cm“^ can only be explained by surface 
contamination of the Au c ry s ta l  surfaces during an overnight shutdown 
in the ta rg e t  chamber.
The l a t e r a l  s t r e s s ,  f ig u re  6 .3 .4 ,  in argon bombarded Au i s  very 
small[27], but a peak s t r e s s  of -7x1Cr dyne cm occurs a t  a dose of 
2.7x10**^ ions cnT^. A re lax a tio n  of th is  compressive s t r e s s  i s  seen a t  
higher doses. One can speculate th a t  mismatch a t  grain  boundaries due 
to  p re fe re n t ia l  erosion could be the cause of these small s t r e s s  
e f fe c ts .
7 . 3 .2  The r e s u l t s  f o r  germanium f i lm s .
The tab le  below compares the present work with those of o thers .
Sputter Yield,S,
Dose
Energy(keV) small la rge
Present work 100 4.3 4.65
I.H.Wilson e t  al[80] 100 3.09
Sigmund[73](Theory) 100 3.40
Chose e t  a l [ 8 l ]  35 3.75
The ’sm all’ , and ’la rg e ’ , doses referred  to  in  connection with 
the above are  in  the region o f  1 0 ^ - 1 0 ^  ions cm“^ and 1 0 ^ - 1 0 ^  
ions cm resp ec t iv e ly .
The i n i t i a l  r i s e  (region 1, f igu re  6 .3 .7 ) of the sp u tte r  y ie ld  
versus argon dose i s  due to  the presence of a surface oxide (GeO^) 
confirmed by X.P.S an a ly s is .
Angular X.P.S an a ly s is  shows th a t  the surface oxide i s  4.2nm in 
th ickness . This i s  in  good agreement with an estim ate of 4.0nm from 
the dose to  reach the end o f  region 1 o f  the quartz o s c i l l a to r  
sp u tte r in g  y ie ld  curve ( f ig u re  6 .3 .7 ) .  Angular X.P.S a lso  showed th a t  
argon was almost undetectable  in the oxide layer which in d ica te s  th a t  
the mobility of argon i s  much higher in  Ge02 than in Ge.
In region 2 E.P.S r e s u l t s  show th a t  the argon concentra tion
increases  by an order of magnitude reaching sa tu ra t io n  a t  the end of
17 —?t h i s  region (10 ' ions cm ) .  The sa tu ra tio n  dose c o r re la te s  w ell with 
th a t  predicted  assuming sp u tte r in g  to  the depth of the peak in  the 
o r ig in a l  argon p r o f i l e .  In t h i s  region one observes f lu c tu a t io n s  in  
the sp u tte r  y ie ld .  We suggest th a t  these f lu c tu a tio n s  a r i s e  from 
re ten tio n  of argon in  bubbles[82] followed by re lease  as the eroding
surface reaches the bubble layer .  The presence o f  the bubbles were 
confirmed by T.E.M ana lys is  of th in  germanium film s. The slow increase 
in sp u tte r  y ie ld  in region 3 i s  in te rp re ted  as re su l t in g  from changes 
in surface topography (smoothing) once a s t ru c tu re  th a t  enables a 
constant ra te  of argon re lease  i s  es tab lished . The end of region 1 
( sp u t te r  removal of the oxide) c o r re la te s  exactly  with a change in 
slope of the l a t e r a l  s t r e s s  versus dose curve ( f ig u re  6 .3 .8 ) .  However 
the f lu c tu a tio n s  in spu tte r ing  y ie ld  seen in  region 2 and the 
sa tu ra t io n  in argon concentration a t  the end of region 2 are  not 
r e f le c te d  in  v a r ia t io n s  in the slope of the AS versus dose curve. One 
can only speculate th a t  changes in bubble s t ru c tu re  and surface 
topography possibly due to the presence of voids[82] compensate for the 
s a tu ra t io n  in argon concentration.
7 .4  S t r e s s  and lo a d in g  o f  im p lan ted  oxygen io n s
in aluminium.
Results of the t r i p l e  resonator measurements fo r  50keV C>2+ in to  
aluminium are presented in  f ig u re  6.4.1 as raw frequency s h i f t s  versus 
implanted atomic dose. The frequency s h i f t s  follow theory up to  a dose 
of 4 .5 X1 0 ^  atoms cm”^ and then the frequency increase s t a r t s  to 
sa tu ra te .  The primary cause of t h i s  sa tu ra t io n  i s  sp u tte r in g  with a 
r e su l ta n t  reduction in the number of trapped implanted oxygen ions in 
the aluminium film . Figure 6 .4 .2  shows r e s u l t s  fo r  100keV and 150keV
02+ implants. Both in d ica te  a la rg e r  frequency s h i f t  than p red ic ted  in
theory. These r e s u l t s  are  used to  p lo t  f ig u re  6 .4 .3  where AH (a rea l  
mass density) has been ca lcu la ted  fo r  a l l  th ree  energies from the 
double resonator theory. The 100keV and 150keV r e s u l t s  show a la rg e r  
than expected increase in detected  a rea l  weight. This can only be
accounted for i f  a compressive s t r e s s  normal to the c ry s ta l  surface i s
present. This compressive s t r e s s  increases  with increasing  in c id en t  
ion energy.
Increasing the ion energy increases  the range and range 
s tragg ling  of the inc iden t ions. We conclude th a t  the compressive 
s t r e s s  depends on the oxygen depth p r o f i l e .
Results from Arrowsmith e t  al[89] for the in te rn a l  s t r e s s  
measured in anodic oxide during anodizing, in d ica te  th a t  fo r  an oxide 
thickness le s s  than 9pm a t  20°C (or 7pm a t  60°C) the  in te rn a l  s t r e s s  
w il l  be compressive.
The f lu c tu a tio n  in  AM for 100keV could be due to a r e la x a tio n  of 
the s t r e s s  in the implanted f ilm . A re lax a tio n  of the s t r e s s  in  the 
anodic film  a f te r  a period of ten to  f i f t e e n  minutes was observed by
Arrowsmith e t  a l [8 9 l .
The l a t e r a l  s t r e s s  ,AS , (double resonator parameter) for a l l  
th ree  energ ies  i s  shown in figure 6 .4 .4 .  All show an almost 
in s ig n i f ic a n t  l a t e r a l  s t r e s s .  A very s l ig h t  l a t e r a l  tension can be 
measured fo r  the 150keV re s u l t s .
P la te s  6.4.1 and 6 .4 .2  show the aluminium surface before and 
a f t e r  100keV oxygen bombardment. A fibrous expansion of the surface i s  
seen a t  a l l  the oxygen energies. This i s  considered to  be due to  
an iso tro p ic  growth of the p o ly c ry s ta l l in e  oxide.
7.5 In te rface  b l i s te r in g .
The b l i s t e r i n g  mechanism seen f o r  th i n  aluminium f i lm s  on q u a r tz
depends upon the presence of an in te r fa c e .  The b l i s t e r s  seen a f te r
oxygen bombardment form a t  the aluminium-quartz in te rface  which ac ts  as 
a sink for the implanted oxygen atoms. B l i s te r s  are always seen near 
the edge of the aluminium layer  where the layer  th ickness i s  of  the 
same magnitude as the range of the implanted oxygen. The quan tity  of 
oxygen trapped a t  the in te rfa c e  w il l  be the g re a te s t  where the 
in te rface  depth equals the oxygen projected range. Thus the maximum 
b l i s te r in g  occurs when the depth of the in te rfa c e  equals the p ro jected  
range of the inc iden t ions. The mismatch of aluminium oxide 
(synthesis) and aluminium c ry s ta l  s tru c tu re s  may be considered as an 
additional fac to r  to  the formation of these b l i s t e r s .
Larger b l i s t e r s  were found to  be a coalescence of smaller 
bubbles. The large  b l i s t e r  seen in p la te  6 .5 .6 ,  i s  a h a l f  spherica l
sphere with a b l i s t e r  cap radius of 1.5pm.
From equation 3 .4 , from section  3 .1 , for 150keV 02+ ions. A 
f ra c tu re  i s  predicted  by theory to  propagate along the z ax is ,  f ig u re  
3 .2 , from the poin t ’A’ , towards the cavity  surface as seen in  p la te  
6 .5 .6 .
7 .6  S.A.W perform ance.
As the aluminium layer defin ing the S.A.W resonator was only 
200nm th ick , a molecular oxygen ion energy of 50keV was chosen as seen 
in sections  7.4 and 7.5 to  minimise s t re s s  e f fe c ts  owing to  oxide 
formation and b l i s te r in g .
From tab le  6 .6 .1 ,  the  i n i t i a l  r i s e  in the S.A.W frequency 
response can be a t t r ib u te d  to  a reduction of the e f fe c t iv e  mass loading 
of the quartz r e su l t in g  in  a increase in surface wave v e lo c i ty .  The 
mass reduction i s  due to  the amorphisation and swelling of the 
c ry s ta l l in e  ST quartz between the aluminium s t r ip e s .  As the d e n s i t ie s  
of aluminium and quartz are nearly id en tica l  i t  would be reasonable to  
assume th a t  wave v e lo c i t ie s  in the two m ateria ls  would be the same. 
Based on the above assumptions, the height of the aluminium above the 
quartz surface a f te r  im plantation can be considered to  be the e f fe c t iv e  
depth of the m e ta ll ic  loading. Also i t  i s  known th a t  the ve lo c ity  of 
the surface wave in amorphous quartz i s  9% higher[14] than c r y s ta l l in e  
quartz, p r in c ip a lly  as a r e s u l t  of lower density .
The amorphous height in th i s  case i s  only 10nm ( f ig u re  6 .1 .1 1 , 
section  6 .1 .6) and gives a reduction in  aluminium loading of 5%.
James[14] gives the s h i f t s  to  the stop/pass band frequency due to
amorphization of the quartz with argon ions as,
df 167MHz —120±25kHz 100keV"1
dE
1.5x10 argon atoms cm
This gives a expected s h i f t  of~70kHz, i f  normalised to  25keV 
oxygen, th i s  then agrees well with the 81 kHz measured fo r  an oxygen 
atom dose of 4x10^  cnf^. The r i s e  to  81 kHz i s  then in te rp re te d  as the  
sa tu ra tion  of the acoustic  wave ve loc ity  to  the amorphisation of the
im plan ted  q u a r t z .
1 f\The drop to 54kHz of the frequency change a t  a oxygen dose 8*10
p
atoms cm may be a t t r ib u te d  to an increase in surface loading. The 
damage and there fo re  the thickness of the amorphized lay e r  has 
sa tu ra ted  and the implanted quartz i s  spu tte r ing  a t  a f a s te r  r a te  than 
the aluminium[6].
The sudden and spectacu lar drop in the resonant frequency a t
1 .5*10^  oxygen atoms cm~  ^ cannot be a t t r ib u te d  to s t r e s s  e f f e c t s  due 
to  oxide formation although a weight increase in  surface loading owing 
to  trapped oxygen atoms obviously occurs. The drop can only be 
explained by the presence of edge b l i s t e r s  a t  the aluminium-quartz 
in te rface  (sec tion  7*5). The in te rface  b l i s te r in g  s e t  up s t r e s s e s  a t  
the edges of the aluminium f ingers  which in turn  causes a s t a t i c  s t r e s s  
b ias in  the quartz  surface, and e f fe c t iv e ly  increases  the mass loading 
and slows the acoustic  wave.
The gradual reduction of the resonant frequency th e re a f te r  i s  due 
to  oxide formation and the d ifference  in the sp u tte r in g  y ie ld  of the 
quartz and aluminium. Both e f fe c ts  causing an increase  in  the
e f fe c t iv e  mass loading of the ST quartz su b s tra te .
The in se r t io n  lo ss  can be seen to  d e te r io ra te  from 2.2dB a t  a 
oxygen dose of 1 0 ^  atoms cm*"^  and sa tu ra te  a t  6.5dB a t  2 x 1 0 ^
_ p
atoms cm . Obviously th i s  i s  an undesired e f fe c t .  This phenomenon
has not been investiga ted  but possib le  reasons could be;
(1) The lo ss  of the p ie z o e le c tr ic  e f fe c t  in the amorphous regions 
between the transducer e lectrodes,
(2) In te rfa c e  b l i s te r in g  s e t t in g  up ad d it io n a l  s c a t te r in g  
cen tres ,
and (3) Deposition of a th in  m eta ll ic  lay e r  as a r e s u l t  of  forward
sp u tte r in g  from the ion beam aperture  p la te ,  and or redeposition  of the 
aluminium th in  f ilm  networks under the influence of energetic  ions. 
Hemphill[90] has observed la rge  surface wave a ttenuation  for m e ta ll ic  
film s of only 3-1Onm in thickness.
The side lobes observed in  the complete frequency response in 
p la te  6.6.1 a r i s e  from a source of time delayed s ig n a l.  This occurs 
when the surface wave s ignal i s  p a r t ia l ly  re f lec ted  from the receiv ing  
transducer back towards the tran sm itte r  where i t  i s  again p a r t i a l l y  
r e f le c te d  back to  the  rece iv e r .  Thus i t  makes th ree  t r a n s i t s  between 
transducers  compared with the s ing le  t r a n s i t  of the main s ig n a l ,  and 
hence i s  termed the ’ t r i p l e  t r a n s i t ’ , s ig n a l[1 ] .
The lev e l  of t r i p l e  t r a n s i t  signal r e la t iv e  to the main signal 
depends on the in se r t io n  lo ss  of the f i l t e r ,  the  s t ru c tu re  of the 
transducers  and on the e le c t r i c a l  terminations of the transducers . 
Thus as the in se r t io n  lo ss  d e te r io ra te s  the r e la t iv e  lev e l  of t r i p l e  
t r a n s i t  w i l l  r i s e ,  and th i s  problem can impose a l im i t  on the  lowest 
lev e l  of in se r t io n  lo s s  usable fo r  a given app lica tion .
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7 .7  C o n c lu s io n s .
The degree of amorphisation of c ry s ta l l in e  quartz i s  l in e a r ly  
dependent upon the energy of the inc id en t ion.
Surface swelling measurements, R.B.S, T.E.M, and X.P.S a l l  
in d ica te  th a t  ion im plantation of oxygen in to  aluminium a t  energies 
between 25 and 75keV (50 to  150keV, for molecular oxygen) r e s u l t  in the 
syn thesis  of aluminium oxide. The oxygen concen tra tion  in  the 
implanted layer  s a tu ra te s  when N0X/NA1=1.5. At higher doses a 
s to ich iom etric  surface layer  o f  aluminium oxide i s  formed, and 
sp u tte r in g  a c ts  to  reduce the layer  th ickness . The oxide grows as 
c r y s ta l l in e  regions of aluminium oxide in a p o ly c ry s ta l l in e  aluminium 
matrix.
The implanted region ex e r ts  a compressive s t r e s s ,  normal to  the 
surface of the su b s tra te .  This r e s u l t s  from the mismatch of the 
aluminium oxide and aluminium c ry s ta l  s t ru c tu re s .  The mismatch 
becoming s ig n i f ic a n t  above an oxide th ickness of 72.6nm ( i e  R +2AR for 
50keV 02+ io n s ) .
The t r i p l e  resonator technique for determining sp u tte r in g  y ie ld s  
and surface s t r e s s  in deposited th in  films has been demonstrated using 
th in  film s of gold and germanium.
The gold f ilm s showed no argon re te n t io n  and very low le v e ls  o f  
l a t e r a l  s t r e s s .  The sp u tte r in g  y ie ld  diminished with increasing  ion 
dose due to p re fe re n t ia l  sp u tte r in g  of g ra ins  with a high sp u tte r in g  
y ie ld  o r ie n ta t io n .
The germanium film s were semi-amorphous, with a 4nm surface 
oxide. A fter argon bombardment bubbles formed with no change in the 
semi-amorphous s t ru c tu re  of the f ilm s. The measured sp u tte r in g  y ie ld
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versus ion dose was divided in to  th ree  regions; removal of oxide, 
period ic  gas re lease  and surface smoothing. The surface s t r e s s  
increased l in e a r ly  with ion dose once the surface oxide had been 
removed.
B l i s te r  formation ( in  oxygen bombarded aluminium-quartz 
s tru c tu re s )  was found to  be a r e s u l t  of oxygen accumulation a t  the 
in te r fa c e .  Large b l i s t e r s  being a coalescence of smaller bubbles. The 
theory was found to  agree w ell with the experimental work. To avoid 
b l i s t e r  formation, in our case, edges must be as v e r t ic a l  as possib le  
and the in c id en t  ions must be kept away from the in te r fa c e .
The experiments have demonstrated the a b i l i ty  of high and low 
energy in c id en t ions to  trim  the operating frequency o f  passive 
ve loc ity  dependent (S.A.W) s t ru c tu re s .
The d e te r io ra t io n  of the in se r t io n  lo s s  i s  a fac to r  th a t  cannot 
be ignored when considering the degree of frequency s h i f t in g  requ ired . 
Increased surface wave a tten u a tio n  w arrants fu r th e r  in v e s t ig a t iv e  work, 
but s e le c t iv e  area ion im plantation in  order to  avoid bombardment of 
the transducer networks may reduce the undesirab le  e f fe c t .
APPENDIX 1.
Additional experiments performed with the 
t r i p l e  resonator technique.
This sec tion  i s  divided in to  two p a r ts .  The f i r s t  part(1A) deals 
with the  mass loading and l a t e r a l  s t r e s s  caused by implanting argon 
ions in to  an evaporated aluminium film . While the second part(1B) i s  
concerned with the angular v a r ia t io n  of the spu tte r ing  y ie ld  (S0) of 
gold and germanium. Both r e s u l t s  were obtained using the t r i p l e  
resonator technique.
1A. T.R.T r e s u l t s  fo r  argon implanted in to  aluminium.
This sec tio n  deals  with the r e s u l t s  obtained from the t r i p l e  
resonator technique for 100keV Ar+ implanted in to  a 1pm film  of 
aluminium evaporated onto the resonator surface .
The frequency s h i f t  data versus argon atom dose are  shown in 
f ig u re  1A . Figure 2A shows the change in a rea l  mass density  and the 
accumulated l a t e r a l  s t r e s s  versus argon atcm dose.
The th e o re t ic a l  . l in e s  in  the above f igu res  were ca lcu la ted  
assuming th a t  a l l  the argon in c id en t on the aluminium film  was re ta ined  
and th a t  no sp u tte r in g  took p lace.
Electron microprobe an a ly s is  showed the  presence of argon in  the 
aluminium film . The aluminium surface was examined before and a f te r  
argon bombardment, with a Cambridge Joel S250, and no gross changes 
were observed.
1A. D isc u s s io n .
The v a r ia t io n  of the a rea l mass density  with argon dose give 
values la rg e r  than expected (f igu re  2A). This can only be accounted 
for i f  a small add itiona l compressive s t r e s s  normal to  the c ry s ta l
surface i s  p resen t.  The areal mass density  i s  seen to  sa tu ra te  a t
17 - ?around 1 0 '  argon ions cm . The primary cause of th i s  s a tu ra t io n  i s
spu tte r ing  with a r e s u l ta n t  reduction in the number of trapped
implanted argon ions in  the aluminium film . This i s  re f lec ted  by a
sa tu ra t io n  of the l a t e r a l  s t r e s s  in the aluminium film  a lso  shown in
f ig u re  2A. The values of l a t e r a l  s t r e s s  are  small compared to  the
values obtained by EerNisse[1A].
From our previous work (section  7.4) i t  i s  reasonable to  
p o s tu la te  th a t  an increase in the de tec tab le  lev e l  of l a t e r a l  s t r e s s  
would follow an increase in the depth p ro f i le  of the implanted ion. 
EerNisse[1A] detected  a maximum la t e r a l  s t r e s s  of -26x10^ dyne cm”*' 
when 98% of the Kr ’ion p ro f i le  lay in  22.8nm (R +2AR ,PRAL[2A] range 
s t a t i s t i c s )  o f  Au.
The measured maximum value of l a t e r a l  s t r e s s  , determined from 
f igu re  2A , happens to  be only +3x1(r dyne cm , with 100keV argon ions 
implanted in to  aluminium the ion p ro f i le  l i e s  w ithin 157.4nm of 
aluminium(PRAL range s t a t i s t i c s ) .  The causes for t h i s  major 
discrepancy i s  the d ifference in the io n -su b s tra te  system studied and 
our development of the o r ig in a l  experimental technique used by 
EerNisse[1A]. The main d if fe re n c ie s  in  our experimental procedure was 
; c ry s ta l  surfaces were f l a t  and not piano and compensation for ion 
implanted temperature e f fe c ts  were allowed fo r .
[1A] E .P .E erN isse ,J .o f  Vac.Sci.Technol,Vol.11,No.1, Jan /F eb ,(1974).
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1B. S(9) c h a r a c te r i s t i c s  fo r  Au and Ge.
The c r y s ta l s  fo r  the t r i p l e  resonator technique were mounted as 
previously  described (sec tion  1 .6 ) .  The sample holder was then placed 
on a' ro ta t in g  assembly.The whole assembly could be ro ta ted  accurate ly  
(±0.5°) to  f a c i l i t a t e  bombardment a t  any value of ion incidence ,0 , 
between 0 and 90°. The assembly was made such th a t  a l l  the inc iden t 
ion cu rren t was measured (even a t  0=90°).
Electron suppression was achieved with a suppression p la te  curved 
around the sample holder.
Measurements fo r  Ge were taken a f t e r  the i n i t i a l  GeO^  lay e r  had 
been spu ttered  away.
The r e s u l t s  obtained fo r  50keV argon bombardment of Au a re  shown 
in  f ig u re  1B with a th e o re t ic a l  curve calcu la ted  by Wilson[1B]. The 
r e s u l t s  for 100keV argon on Ge ,with a th eo re t ic a l  curve[1B] , a re  a lso  
p lo t te d  in  f ig u re  2B.
1B. Discussion.
A good f i t  between experimental and th e o re t ic a l  i s  obtained for 
50keV argon in to  Au for 0<7O°. For 0>7O° the experimental value of 
S(0) r i s e s  above th a t  predic ted  th e o re t ic a l ly .  We can a t t r i b u t e  th i s  
to  the  e f fe c t  of surface roughness which leads to  a mean (microscopic) 
value of 0 somewhat l e s s  than the s e t  (macroscopic) value.
The r e s u l t s  fo r 100keV argon on Ge are a lso  p lo t te d  with e a r l i e r  
resu lts[1B ] obtained by scanning e lec tro n  microscopy. The th e o re t ic a l  
f i t  a t  S(o) and the value a t  0mQX agree well with the experimental 
r e s u l t s ,  but the predicted  value of S(0)max i s  20% lower. This 
discrepancy i s  due to  experimental a r t e f a c t s  such as argon bubbles and 
changes in  surface topography.
[1B] Wilson,Chereckdjian,Webb,IBMM,Cornell,USA. 1984 to  be published.
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APPENDIX 2. 
R.B.S ca lcu la t io n s .
In ca lcu la t in g  e , [1 ] fo r  an aluminium oxide matrix we assume •
Bragg's r u le [1 ] and we must consider as the u n i t  of the compound one 
molecule of Al^O^ with i t s  associated atoms:
Alo0- 0  Al ,  °  e 2  3  -  2 e + 3 e
eA,2°3(Eo ) =2(lt8.3i0 + 3 ( iH . 5 1l) =221.3x10‘ ,5 eV cm2 .
eA,2°3(K E )=2(5Ii .9 2 )+ 3 ( 1t7.33) =251.81(l(x1(f , 5 eV cm2 .OX o
gA1 2°3(Ka.E ) = 2 (53 .^03)+3(A8.08)=251. 0^6x10~^eV cm2 .Al O
6=150°  ’ Kox= 0  • 1 KoxEo= 5 7 7  *2 keV’ KA1= 0  • 5 7 2 6  ’ KA1 Eo=859keV *
a l l  the e data are obtained from Chu e t  a 1 [ 1].
1  o ] ox 2 ° 3  = Ko x eAl2 ° 3 (Eo) + ^ c ^ C 180"0) eA1 2 ° 3 ( KoxEo) = 375.96x1o’ 1 5 eVcm2
[eo 3A] 2°3 = Ka 1gA12°3(E0) + 1 / cos( 18O-0) eA12°3 (Ka] Eq) = 416.60X10"15eVcm2
Nt =  AEa ] / [  go ] A ] 2 ° 3  = 3 . 5 7 1 7 7 x l A 7 m o l s  c m ' 2 ,  _ 2
n  1 7  _ 9  m e a n  v a l u e  =  3 . 5 1 7 ^ 5 * 1 u  m o l s  c m
Nt = AEox/ [  eo ] Q 2 3  =  3 . ^ 6 3 1 3 x 1 0  m o l s  c m  ,
PA1 2 0 3  = ^ . 0  (max) gem 3  or 3 .5  (min) gem 3 .
= 2 .36x10 2 2  (max) mols cm 3  or 2.066X10 2 2  (min) mols cm 3 . 
therefore  the thickness , t  , o f  the anodized aluminium f i l ms  are,
a. t = 7 3 . 7 nm(max) or 6 A. 6 nm(min).
b. t = ! 7 0 . 3 nm(max) or lA9 . 0 nm(min).
c.  t = 2 6 l . 0 nm(max) or 2 2 8 . 5 nm(min).
[l] W.K.Chu9J.W.Mayer and M.A.Nicholet,
Rutherford Backscattering Spectroscopy,Academic Press(1978),London.
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